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PREFACE 


This book was written primarily as a text for a first course in 
electronics for electrical engineering students. It should also be of 
interest to physics majors and to practicing engineers and scientists 
who wish to update their knowledge of semiconductor electronics and, 
particularly, of integrated circuits. 

The following basic approach is used: Each device ts introduced 
by presenting a simple physical picture of the internal behavior of the 
device. This discussion leads to a characterization of the device in 
terms of appropriate external variables and allows small-signal and 
large-signal models to be constructed. An analysis of the device as a 
circuit element in both analog and digital applications is then made. 
Combinations of devices, particularly in integrated-circuit form, are 
exploited as basic system building blocks. In summary: the reader is 
taken step-by-step from semiconductor physics to devices, models, 
circuits, and systems. Electronic design in the 1970’s will depend 
predominantly upon the use of integrated circuits. Hence, the authors 
feel that the IC implementation of a device, circuit or system should 
be introduced into the EE curriculum as early as possible. 

Almost every semiconductor device of importance (from de 
through the video frequency range) is considered. These include 
sensistors, the p-n diode, the breakdown diode, the tunnel diode, the 
Schottky diode, the photodiode, the varactor diode, light-emitting 
diode, the bipolar junction transistor (BJT), the photo-transistor, the 
junction field-effect transistor (JPET), the metal-oxide-semiconductor 
field-effect transistor (MIOSFET), the silicon controlled rectifier, and 
integrated resistors and capacitors. Primary emphasis is on the 
bipolar junction transistor in both the analog and digital mode. 

The principal concern in the book is upon the analysis and design 
of electronic circuits and subsystems. The approach is to consider each 
circuit first on a descriptive basis in order to providea clear understand- 
ing and intuitive feeling for its behavior. Only after obtaining such 
a qualitative insight into the operation of the circuit is mathematics 
(through simple differential equations) used to express quantitative 
relationships. 

A wide variety of circuits are analyzed. Among these are 
rectifiers (including capacitor filters), clippers, sampling gates, logic 
gates (AND, OR, NOT, NAND, DTL, TTL, etc.), the low-frequency 
BJT CE stage, the emitter follower, the Darlington pair, cascaded 
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(BJT) stages (properly biased), the low-frequency CS and CD field effect 
transistor stages, digital MOSIET circuits, the FET at high frequencies, the 
BJT at high frequencies (both CE and CC configurations), frequency response 
of multistage RC-coupled BJT and FET stages, feedback amplifiers at low 
and high frequencies, compensated feedback amplifiers, oscillators, inverting 
and noninverting operational amplifiers, differential amplifiers, compensated 
OP AMPS, analog computer circuits, active filters, tuned amplifiers, loga- 
rithmic amplifiers, sample and hold circuits, comparators, square-wave gen- 
erators, triangular generators, flip-flops, shift registers, multiplexers, de- 
coders, binary adders, counters, memories (ROM and RAM), digital-to-analog 
converters, analog-to-digital converters, power amplifiers, voltage regulators, 
and SCR power control circuits. 

Methods of analysis and features which are common to many different 
devices and cireuits are emphasized. For example, Kirchhoff’s, Thevenin’s, 
Norton’s, and Miller’s theorems are utilized throughout the text. Concepts 
such as the load line (or load curve), the large-scale piecewise-linear approxi- 
mations, and the small-scale linear models are used again and again. Pole- 
zero functions, Bode plots and the dominant-pole concept are exploited in 
connection with the study of the frequency response and compensation of 
multistage amplifiers. Computer-aided analysis is resorted to wherever the 
circuit complexity justifies it. Calculations of input and output resistances, 
as well as current and voltage gains are made for a wide variety of amplifiers. 

For the most part, real (commercially available) device characteristics 
are employed. In this way the reader may become familiar with the order 
of magnitude of device parameters, the variability of these parameters within 
a given type and with a change of temperature, the effect of the inevitable 
shunt capacitances in circuits, and the effect of input and output resistances 
and loading on circuit operation. These considerations are of utmost impor- 
tance to the student or the practicing engineer since the circuits to be designed 
must function, properly and reliably in the physical world, rather than under 
hypothetical or ideal circumstances. 

There are over 720 homework problems, which will test the student’s 
grasp of the fundamental concepts enunciated in the book and will give him 
experience in the analysis and design of electronic circuits. In almost all 
numerical problems realistic parameter values and specifications have been 
chosen. An answer book is available for students, and a solutions manual 
may be obtained from the publisher by an instructor who has adopted the 
text. Hach chapter is followed by many review (quiz) questions. 

Considerable thought was given to the pedagogy of presentation, to the 
explanation of circuit behavior, to the use of a consistent system of notation, 
to the care with which diagrams are drawn, to the many illustrative examples 
worked out in detail in the text, and to the review questions at the end of 
each chapter. It is hoped that these will facilitate the use of the book in 
self-study and that the practicing engineer will find the text useful in updating 
himself in this fast-moving field. 


PREFACE / xix 


The authors adapted and rewrote much of the material in their book 
“Electronic Devices and Circuits” (McGraw-Hill Book Company, New York, 
1967). The new text differs from the old in a large number of respects as 
follows: Whereas about 25 percent of the 1967 book was on vacuum tubes, 
the present text makes no mention of these devices, since tubes are no longer 
considered important by the electronic designer (except possibly for very high 
voltage or power applications). The introductory physics has been simpli- 
fied and shortened, while circuits have been treated in greater breadth and 
depth. Those who wish to pursue the physics more thoroughly are referred 
to the last chapter in the book where a comprehensive treatment of semi- 
conductor device physics is presented. Much greater emphasis is placed upon 
integrated circuits; not only are the fabrication and characteristics of IC’s 
discussed, but many examples are given of subsystems in integrated circuit 
form (such as logic families, logic functions, and OP AMPS). The chapter 
on feedback amplifiers at low frequencies has been completely rewritten so 
that all four topologies are treated in a consistent and simplified manner. 
The high-frequency response of cascaded stages and of feedback amplifiers 
(which was slighted in the 1967 text) is given an extensive treatment now 
which includes a discussion of stability and compensation. There is a chap- 
ter on logic circuits and another on IC’s as digital system building blocks. 
A complete chapter is devoted to the operational amplifier and another on 
IC’s as analog system building blocks. 

The publishers sent a questionnaire to the (more than 100) professors who 
had adopted “Electronic Devices and Circuits,” asking for desirable dele- 
tions, additions, revisions, ete. in this book. We are indebted to the large 
number of people who answered, and the present book reflects strongly the 
suggestions made by them. In particular, we wish to acknowledge the detailed 
constructive criticisms made by Professors R. 5S. Bennett, W. L. Brown, and 
D. EB. Franklin. The authors are grateful to Drs. MI. C. Teich and E. S. Yang 
who read portions of the manuscript and offered helpful suggestions for 
improvements. We thank Professor H. Taub also because some of our 
material parallels that in Millman and Taub’s “Pulse, Digital, and Switch- 
ing Waveforms” (McGraw-Hill Book Company, New York, 1965). We 
appreciate the considerable assistance given us by J. Derby, G. A. Katopis, 
and J. J. Werner in carrying out the computer solutions, laboratory verifi- 
cation of the performance of some of the circuits, and the solutions of the 
homework problems. We express our thanks to Miss S. Silverstein for her 
skillful service in typing the manuscript. 


Jacob Atillman 
Christos C. Halkias 
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| / ENERGY BANDS IN SOLIDS 


In this chapter we begin with a review of the basic atomic properties of 
matter leading to discrete electronic energy levels in atoms. We find 
that these energy levels are spread into energy bands in a crystal. 
This band structure allows us to distinguish between an insulator, a 
semiconductor, and a metal. 


1-1 CHARGED PARTICLES 


The charge, or quantity, of negative electricity and the mass of the 
electron have been found to be 1.60 X 10-18 © (coulomb) and 
9.11 X 10-*' kg, respectively. The values of many important physical 
constants are given in Appendix A, and a list of conversion factors and 
prefixes is given in Appendix B. Some idea of the number of electrons 
per second that represents current of the usual order of magnitude is 
readily possible. For example, since the charge per electron is 
1.60 X 10~1* C, the number of electrons per coulomb is the reciprocal 
of this number, or approximately, 6 X 10/8 Further, since a current 
of 1 A (ampere) is the flow of 1 C/s, then a current of only 1 pA (1 pico- 
ampere, or 10-1? A) represents the motion of approximately 6 million 
electrons per second. Yeta current of 1 pAisso small that considerable 
difficulty is experienced in attempting to measure it. 

The charge of a positive ion is an integral multiple of the charge 
of the electron, although it is of opposite sign. For the case of singly 
ionized particles, the charge is equal to that of the electron. For the 
case of doubly ionized particles, the ionic charge is twice that of the 
electron. 

The mass of an atom is expressed as a number that is based on the 
choice of the atomic weight of oxygen equal to 16. The mass of a 
hypothetical atom of atomic weight unity is, by this definition, one- 
sixteenth that of the mass of monatomic oxygen and has been caleu- 
lated to be 1.66 X 10-77 kg. Hence, to calculate the mass in kilograms 
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of any alom, it ts necessary only io mulitply the atomic weight of the atom by 
1.66 X 107°’ kg. A table of atomic weights is given in Table I-1 on p. 12. 

The radius of the electron has been estimated as 10-15 m, and that of an 
atom as 10712 m. These are so small that all charges are considered as mass 
points in the following sections. 

In a semiconductor crystal such as silicon, two electrons are shared by each 
pair of ionic neighbors. Such a configuration is called a covalent bond. Under 
certain circumstances an electron may be missing from this structure, leaving 
a “hole” in the bond. These vacancies in the covalent bonds may move from 
ion to ion in the erystal and constitute a current equivalent to that resulting 
from the motion of free positive charges. The magnitude of the charge 
associated with the hole is that of a free electron. This very brief introduction 
to the concept of a hole as an effective charge carrier is elaborated upon in 
Chap. 2. 


1-2 FIELD INTENSITY, POTENTIAL, ENERGY 


By definition, the force f (newtons) on a unit positive charge in an electric field 
is the electric field iniensity & at that point. Newton’s second law determines - 
the motion of a particle of charge g (coulombs), mass a (kilograms), moving 
with a velocity v (meters per second) in a field & (volts per meter). 
dv 


f= =m, 


(1-1) 
The mks (meter-kilogram-second) rationalized system of units is found to be 
most convenient for subsequent studies. Unless otherwise stated, this system 
of units is employed throughout this book. 


Potential By definition, the potential V (volts) of point B with respect to 
potnt A is the work done against the field in taking a unit positive charge from 
A to B. This definition is valid for a three-dimensional field. Tor a one- 
dimensional problem with A at x, and B at an arbitrary distance z, it follows 
thatt 


V=-— [Esax (1-2) 


where & now represents the X component of the field. Differentiating Eq. 
(1-2) gives 
_ av 


ore dx 


(1-3) 


The minus sign shows that the electric field is directed from the region of 
higher potential to the region of lower potential. In three dimensions, the 
electric field equals the negative gradient of the potential. 


{ The symbol = is used to designate “equal to by definition.” 
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By definition, the potential energy U' (joules) equals the potential multiplied 
by the charge q under consideration, or 


U=qV (1-4) 


If an electron is being considered, g is replaced by —g (where q is the magnitude 
of the electronic charge) and U has the same shape as V but is inverted. 

The law of conservation of energy states that the total energy W, which 
equals the sum of the potential energy U and the kinetic energy 4mv*, remains 
constant. Thus, at any point in space, 


W = U+4m? = constant (1-5) 


As an illustration of this law, consider two parallel electrodes (A and B of 
Fig. 1-1a) separated a distance d, with B at a negative potential Vz with respect 
to A. An electron leaves the surface of A with a velocity v, in the direction 
toward B. How much speed v will it have if it reaches B? 

From the definition, Eq. (1-2), it is clear that only differences of 
potential have meaning, and hence let us arbitrarily ground A, that is, consider 
it to be at zero potential. Then the potential at B is V = —Va, and the 
potential energy is U = —qV = qVu. Equating the total energy at A to 
that at B gives 


W = dmv? = mv? + qVa (1-6) 


d —4,| 
Potential, V 


‘| i—| 
Distance, x 
A B 
Ug v 
=V, poe a = 
(b) 

Energy Potential energy, U 
£ an 
ay ¥, 

( 


a w R Potal energy, W 
a) 


Kinetic ——— 
energy, W-— U 


i + & é 
0 x Ss Distance 
lex, 
(c) 
Fig. ]-1 (a) An electron leaves electrode A with an initial speed », 


and moves in a retarding field toward plate B; (b) the potential; 
(c) the potential-energy barrier between electrodes. 
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This equation indicates that » must be less than v,, which is obviously correct 
since the electron is moving in a repelling field. Note that the final speed v 
attained by the electron in this conservative system is independent of the form 
of the variation of the field distribution between the plates and depends only 
upon the magnitude of the potential difference Vz. Also, if the electron is to 
reach electrode B, its initial speed must be large enough so that ¢ mu? > qVa. 
Otherwise, Eq. (1-6) leads to the impossible result that v is imaginary. We 
wish to elaborate on these considerations now. 


The Concept of a Potential-energy Barrier For the configuration of 
Fig. 1-1a with electrodes which are large compared with the separation d, we 
can draw (Fig. 1-10) a linear plot of potential V versus distance z (in the inter- 
electrode space). The corresponding potential energy U versus z is indicated 
in Fig. 1-le. Since potential is the potential energy per unit charge, curve ¢ 
is obtained from curve b by multiplying each ordinate by the charge on the 
electron (a negative number). Since the total energy W of the electron remains 
constant, it is represented as a horizontal line. The kinetic energy at any 
distance + equals the difference between the total energy W and the potential 
energy U at this point. This difference is greatest at O, indicating that the 
kinetic energy is a maximum when the electron leaves the electrode A. At 
the point P this difference is zero, which means that no kinetic energy exists, 
so that the particle is at rest at this point. This distance x, is the maximum 
that the electron can travel from A. At point P (where x = 2) it comes 
momentarily to rest, and then reverses its motion and returns to A. 

Consider a point such as S which is at a greater distance than x. from 
electrode A. Here the total energy QS is less than the potential energy RS, so 
that the difference, which represents the kinetic energy, is negative. This is 
an impossible physical condition, however, since negative kinetic energy 
(4mv? < 0) implies an imaginary velocity. We must conclude that the particle 
can never advance a distance greater than 2, from electrode A. 

The foregoing analysis leads to the very important conclusion that the 
shaded portion of Fig. 1-l¢ can never be penetrated by the electron. Thus, at 
point P, the particle acts as if it had collided with a solid wall, hill, or barrier 
and the direction of its flight had been altered. Potential-energy barriers of 
this sort play important role in the analyses of semiconductor devices. 

It must be emphasized that the words “collides with” or “rebounds from” 
a potential “hill” are convenient descriptive phrases and that an actual 
encounter between two material bodies is not implied. 


1-3 THE eV UNIT OF ENERGY 


The joule (J) is the unit of energy in the mks system. In some engineering 
power problems this unit is very small, and a factor of 10° or 10° is introduced 
to convert from watts (1 W = 1 J/'s) to kilowatts or megawatts, respectively. 
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However, in other problems, the joule is too large a unit, and a faetor of 10-7 
is introduced to convert frum joules to ergs. Jor a discussion of the energies 
involved in electronic devices, even the erg is much too large a unit. This 
statement is not to be construed to mean that only minute amounts of energy 
can be obtained from electron devices, It is true that each electron possesses 
a tiny amount of energy, but as previously pointed out (Sec. 1-1), an enormous 
number of electrons are involved even in a small current, so that considerable 
power may be represented. 

A unit of work or energy, called the electron volt (eV), is defined as follows: 


leV = 1.60 X 10°" J 


Of course, any type of energy, whether it be electric, mechanical, thermal, etc., 
may be expressed in electron volts. 

The name eleciron volt arises from the fact that, if an electron falls through 
a potential of one’ volt, its kinetie energy will increase by the decrease in 
potential energy, or by 


qV = (1.60 X 10-° C)(1 V) = 1.60 K 10-7 J = 1eV 


However, as mentioned above, the electron-volt unit may be used for any type 
of energy, and is not restricted to problems involving electrons. 

A potential-energy barrier of E (electron volts) is equivalent to a potential 
hill of V (volts) if these quantities are related by 


qaV = 1.60 X 10°79 F (1-7) 


Note that V and E are numerically identical but dimensionally different. 


1-4 THE NATURE OF THE ATOM 


We wish to develop the band structure of a solid, which will allow us to 
distinguish between an insulator, a semiconductor, and a metal. We begin 
with a review of the basic properties of matter leading to discrete electronic 
energy levels in atoms. 

Rutherford, in 1911, found that the atom consists of a nucleus of positive 
charge that contains nearly all the mass of the atom. Surrounding this central 
positive core are negatively charged electrons. As a specific illustration of this 
atomic model, consider the hydrogen atom. This atom consists of a positively 
charged nucleus (a proton) and a single electron. The charge on the proton is 
positive and is equal in magnitude to the charge on the electron. Therefore 
the atom as a whole is electrically neutral. Because the proton carries practi- 
cally all the mass of the atom, it will remain substantially immobile, whereas 
the electron will move about it in a closed orbit. The force of attraction 
between the electron and the proton follows Coulomb’s law. It can be shown 
from classical mechanics that the resultant closed path will be a circle or an 
ellipse under the action of such a force. This motion is exactly analogous to 
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that of the planets about the sun, because in both cases the force varies inversely 
as the square of the distance between the particles. 

Assume, therefore, that the orbit of the electron in this planetary model 
of the atom is a circle, the nucleus being supposed fixed in space. It is a 
simple matter to calculate its radius in terms of the total energy W of the 
electron. The force of attraction between the nucleus and the electron of the 
hydrogen atom is g?/4meor?, where the electronic charge g is in coulombs, the 
separation r between the two particles is in meters, the force is in newtons, and 
«, is the permittivity of free space.t By Newton’s second law of motion, this 
must be set equal to the product of the electronic mass m in kilograms and the 
aeceleration v?/r toward the nucleus, where v is the speed of the electron in its 
circular path, in meters per second. Then 

gs mv? 

4ret? oP 


(1-8) 


Furthermore, the potential energy of the electron at a distance r from the 
nucleus is —q?/4re7r, and its kinetic energy is gmv*. Then, according to 
the conservation of energy, 


g 
= 1 —— - 
W = dv a (1-9) 


where the energy is in joules. Combining this expression with (1-8) produces 


i eee (1-10) 
Sreor 
which gives the desired relationship between the radius and the energy of the 
electron. This equation shows that the total energy of the electron is always 
negative. The negative sign arises because the potential energy has been 
chosen to be zero when r is infinite. This expression also shows that the 
energy of the electron becomes smaller (.e., more negative) as it approaches 
closer to the nucleus. 

The foregoing discussion of the planetary atom has been considered only 
from the point of view of classical mechanics. However, an accelerated charge 
must radiate energy, in accordance with the classical laws of electromagnetism. 
If the charge is performing oscillations of a frequency f, the radiated energy 
will also be of this frequency. Hence, classically, it must be concluded that 
the frequency of the emitted radiation equals the frequency with which the 
electron is rotating in its circular orbit. : 

There is one feature of this picture that cannot be reconciled with experi- 
ment. If the electron is radiating energy, its total energy must decrease by 
the amount of this emitted energy. Asa result the radius r of the orbit must 
decrease, in accordance with Eq. (1-10). Consequently, as the atom radiates 
energy, the electron must move in smaller and smaller orbits, eventually fall- 
ing into the nucleus. Since the frequency of oscillation depends upon the size 


~ The numerical value of ¢ is given in Appendix A. 
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of the circular orbit, the energy radiated would be of a gradually changing fre- 
quency. Such a conclusion, however, is incompatible with the sharply defined 
frequencies of spectral lines. 


The Bohr Atom The difficulty mentioned above was resolved by Bohr in 
1913. He postulated the following three fundamental laws: 


1. Not all energies as given by classical mechanics are possible, but the 
atom can possess only certain discrete energies. While in states correspond- 
ing to these diserete energies, the electron does not emit radiation, and the 
electron is said to be in a stationary, or nonradiating, state. 

2. In a transition from one stationary state corresponding to a definite 
energy W» to another stationary state, with an associated energy W,, radiation 
will be emitted. The frequency of this radiant energy is given by 

pa Wem 


; (1-11) 


where # is Planck’s constant in joule-seconds, the W’s are expressed in joules, 
and f is in cycles per second, or hertz. 

3. A stationary state is determined by the condition that the angular 
momentum of the electron in this state is quantized and must be an integral 
multiple of h/2r, Thus 


nh 
mor = 5 (1-12) 


where z is an integer. 
Combining Eqs. (1-8) and (1-12), we obtain the radii of the stationary 

states (Prob. 1-13), and from Eq. (1-10) the energy level in joules of each state 

is found to be 

mq 1 


Pee oh A ae 
Ue She? n? 


(1-18) 
Then, upon making use of Eq. (1-11), the exact frequencies found in the hydro- 
gen spectrum are obtained—a remarkable achievement. The radius of the 
lowest state is found to be 0.5 A, 


1-5 ATOMIC ENERGY LEVELS 


For each integral value of » in Eq. (1-13) a horizontal line is drawn. These 
lines are arranged vertically in accordance with the numerical values calculated 
from Fig. (1-13). Such a convenient pictorial representation is called an 
energy-level diagram and is indicated in Fig. 1-2 for hydrogen. The number to 
the left of each line gives the energy of this level in electron volts. The 
number immediately to the right of a line is the value of n. Theoretically, an 
infinite number of levels exist for each atom, but only the first five and the 
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Energy E, eV n E+13.6 
lonization level 


0 13.60 

— 0.56 13.04 

— 0.87 12.78 

— 1.53 12.07 

— 3.41 10.19 
Visible Fig. 1-2 The lowest five energy 


levels and the ionization level of 
hydrogen. The spectral lines are 


in angstrom units. 


1216 
1026 


or | Y Normal state 1 0 
— 13.60 


Ultraviolet 


level for n = © are indicated in Fig. 1-2. The horizontal axis has no signifi- 
cance here, but in extending such energy-level diagrams to solids, the X axis 
will be used to represent the separation of atoms within a erystal (Fig. 1-3) or 
the distance within a solid. In such cases the energy levels are not constant, 
but rather are functions of 2. 

It is customary to express the energy value of the stationary states in 
electron volts E rather than in joules W. Also, it is more common to specify 
the emitted radiation by its wavelength \ in angstroms rather than by its 
frequency f in hertz. In these units, Eq. (1-11) may be rewritten in the form 

12,400 
=p oe (1-14) 

Since only differences of energy enter into this expression, the zero state 
may be chosen at will. It is convenient and customary to choose the lowest 
energy state as the zero level. Such a normalized scale is indicated to the 
extreme right in Fig. 1-2. The lowest energy state is called the normal, or 
ground, level, and the other stationary states of the atom are called excited, 
radiating, critical, or resonance, levels. 

As the electron is given more and more energy, it moves into stationary 
states which are farther and farther away from the nucleus. When its energy 
is large enough to move it completely out of the field of influence of the ion, it 
becomes “detached” from it. The energy required for this process to occur 
is called the ionization potential and is represented as the highest state in the 
energy-level diagram; 13.60 eV for hydrogen. 
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Collisions of Electrons with Atoms The foregoing discussion shows that 
energy must be supplied to an atom in order to excite or ionize the atom. One 
of the most important ways to supply this energy is by electron impact. 
Suppose that an electron is accelerated by the potential applied to a discharge 
tube. The energy gained from the field may then be transferred to an atom 
when the electron collides with the atom. If the bombarding electron has 
gained more than the requisite energy from the discharge to raise the atom 
from its normal state to a particular resonance level, the amount of energy in 
excess of that required for excitation will be retained by the incident electron 
as kinetic energy after the collision. 

If an impinging electron possesses an amount of energy at least equal to the 
ionization potential of the gas, it may deliver this energy to an electron of the 
atom and completely remove it from the parent atom. Three charged particles 
result from such an ionizing collision: two electrons and a positive ion. 


The Photon Nature of Light Assume that an atom has been raised from 
the ground state to an excited level by electron bombardment. The mean 
life of an excited state ranges from 1077 to 10-!° s, the excited electron returning 
to its previous state after the lapse of this time. In this transition, the atom 
must lose an amount of energy equal to the difference in energy between the 
two states that it has successively occupied, this energy appearing in the form 
of radiation. According to the postulates of Bohr, this energy is emitted in 
the form of a photon of light, the frequency of this radiation being given by 
Eq. (1-11), or the wavelength by Eq. (J-14). The term photon denotes an 
amount of radiant energy equal to the constant h times the frequency. This 
quantized nature of an electromagnetic wave was first introduced by Planek, 
in 1901, in order to verify theoretically the blackbody radiation formula 
obtained experimentally. 

The photon concept of radiation may be difficult to comprehend at first. 
Classically, it was believed that the atoms were systems that emitted radiation 
continuously in all directions, According to the foregoing theory, however, 
this is not true, the emission of light by an atom being a discontinuous process. 
That is, the atom radiates only when it makes a transition from one energy 
level to a lower energy state. In this transition, it emits a definite amount 
of energy of one particular frequency, namely, one photon hf of light. Of 
course, when a luminous discharge is observed, this discontinuous natureof 
radiation is not suspected because of the enormous number of atoms that are 
radiating energy and, correspondingly, because of the immense number of 
photons that are emitted in unit time. 


Spectral Lines The arrows in Fig. 1-2 represent six possible transitions 
between stationary states. The attached number gives the wavelength of 
the emitted radiation. For example, the ultraviolet line 1,216 A is radiated 
when the hydrogen atom drops from its first excited state, n = 2, to its normal 
state,n = 1. 
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Another important method, called photoexcitation, by which an atom may 
be elevated into an excited energy state, is to have radiation fall on the gas. 
Anatom may absorb a photon of frequency f and thereby move from the level 
of energy W; to the high energy level W2, where W. = W, + Af. An extremely 
important feature of excitation by photon capture is that the photon will not 
be absorbed unless ils energy corresponds exactly to the energy difference between 
two stationary levels of the atom with which it collides. Yor example, if a normal 
hydrogen atom is to be raised to its first excited state by means of radiation, 
the wavelength of this light must be 1,216 A (which is in the ultraviolet region 
of the spectrum). 

When a photon is absorbed by an atom, the excited atom may return to 
its normal state in one jump, or it may do so in several steps. If the atom 
falls into one or more excitation levels before finally reaching the normal state, 
it will emit several photons. These will correspond to energy differences 
between the successive excited levels into whieh the atom falls. None of the 
emitted photons will have the frequency of the absorbed radiation! This 
fluorescence cannot be explained by classical theory, but is readily understood 
once Bohr’s postulates are accepted. 


Photoionization If the frequency of the impinging photon is sufficiently 
high, it may have enough energy to ionize the atom. The photon vanishes 
with the appearance of an electron and a positive ion. Unlike the case of 
photoexcitation, the photon need not possess an energy corresponding exactly 
to the ionization energy of the atom. It need merely possess aé least this much 
energy. If it possesses more than ionizing energy, the excess will appear as 
the kinetic energy of the emitted electron and positive ion. It is found by 
experiment, however, that the maximum probability of photoionization occurs 
when the energy of the photon is equal to the ionization potential, the proba- 
bility decreasing rapidly for higher photon energies, 


Wave Mechanics Since a photon is absorbed by only one atom, the 
photon acts as if it were concentrated in a very small volume of space, in 
contradiction to the concept of a wave associated with radiation. De Broglie, 
in 1924, postulated that the dual character of wave and particle is not limited 
to radiation, but is also exhibited by particles such as electrons, atoms, or 
macroscopic masses. He postulated that a particle of momentum p = mv 
has a wavelength \ associated with it given by 


hen (1-15) 


We can make use of the wave properties of a moving electron to establish 
Bohr’s postulate that a stationary state is determined by the condition that 
the angular momentum must be an integral multiple of h,'2r. It seems 
reasonable to assume that an orbit of radius 7 will correspond to a stationary 
state if it contains a standing-wave pattern. In other words, a stable orbit is 
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one whose circumference is exactly equal to the electronic wavelength 3, or to 
nm, Where 7 is an integer (but not zero), Thus 


nh 


Qar = nh = — (1-16) 


Clearly, Eq. (1-16) is identical with the Bohr condition [Eq. (1-12)]. 

Schrédinger carried the implication of the wave nature of matter further 
and developed a wave equation to describe electron behavior in a potential 
field U(x, y, 2). The solution of this differential equation is called the 
wave function, and it determines the probability density at each point in 
space of finding the electron with total energy W. If the potential energy, 
U = —q'/4rer, for the electron in the hydrogen atom is substituted into the 
Schrédinger equation, it is found that a meaningful physical solution is possible 
only if W is given by precisely the energy levels in Eq. (1-13), which were 
obtained from the simpler Bohr picture of the atom. 


1-6 ELECTRONIC STRUCTURE OF THE ELEMENTS 


The solution of the Schrédinger equation for hydrogen or any multielectron 
atom requires three quantum numbers. These are designated by n, J, and 
mz; and are restricted to the following integral values: 


n=1,2,3,... 
1=0,1,2,...,@—-)N 
m = 0, £1, 25 eoN ip ee 


To specify a wave function completely it is found necessary to introduce a 
fourth quantum number. This spin quantum number m, may assume only 
two values, +% or —$ (corresponding to the same energy). 


The Exclusion Principle The periodic table of the chemical elements 
(given in Table 1-1) may, be explained by invoking a law enunciated by Pauli 
in 1925. He stated that no two electrons in an electronic sysiem can have the 
same set of four quantum numbers, n, l,m, andm,. This statement that no two 
electrons may occupy the same quantum state is known as the Pauli exclusion 
principle. 


Electronic Shells All the electrons in an atom which have the same value 
of n are said to belong to the same electron shell. These shells are identified 


by the letters K, L, M,N, ..., corresponding to n = 1, an Se ae 
respectively. A shell is divided into subshells corresponding to different values 
of J and identified as s, p, d, f, . . . , corresponding to I = 0, 1, Pe er 


respectively. Taking account of the exclusion principle, the distribution of 
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TABLE 1-2 Electron shells and subshells 


Shell...... M N 
Niaienewes 3 4 

bee seerentiele 0 1 2 0 1 2 3 
Subshell.. . 8 d 8 d eA 

IMG esi edeiets 0 |0,41/0, 41,42) O |0, +1/0, +1, 4+2]/0,..., +3 
Number 2 6 10 2 6 10 14 

of 
electrons 18 32 


electrons in an atom among the shells and subshells is indicated in Table 1-2. 
Actually, seven shells are required to account for all the chemical elements, 
but only the first four are indicated in the table. 

There are two states for » = 1 corresponding to 1 = 0, m = 0, and 
m, = +4. These are called the 1s states. There are two states correspond- 
ing to n = 2,1 = 0, m= 0, and m, = +4. These constitute the 2s sub- 
shell. There are, in addition, six energy levels corresponding to n = 2,1 = 1, 
m = —1, 0, or +1, and m, = +3. These are designated as the 2p subshell. 
Henee, as indicated in Table 1-2, the total number of electrons in the L shell is 
2+6=8. Ina similar manner we may verify that a d subshell contains a 
maximum of 10 electrons, an f subshell a maximum of 14 electrons, ete. 

The atomic number Z gives the number of electrons orbiting about. the 
nucleus. Let us use superscripts to designate the number of electrons in a 
particular subshell. Then sodium, Na, for which Z = 11, has an electronic 
configuration designated by 1s?2s?2p%3s!. Note that Na has a single electron 
in the outermost unfilled subshell, and hence is said to be monovalent. This 
same property is possessed by all the alkali metals (Li, Na, K, Rb, and Cs), 
which accounts for the fact that these elements in the same group in the 
periodic table (Table 1-1) have similar chemical properties. 

The inner-shell electrons are very strongly bound to an atom, and cannot 
be easily removed. That is, the electrons closest to the nucleus are the most 
-tightly bound, and so have the lowest energy. Also, atoms for which the 
electrons exist in closed shells form very stable configurations. For example, 
the inert gases He, Ne, A, Kr, and Xe, all have either completely filled shells 
or, at least, completely filled subshells. 

Carbon, silicon, germanium, and tin have the electronic configurations 
indicated in Table 1-8. Note that each of these elements has completely filled 
subshells except for the outermost p shell, which contains only two of the 
six possible electrons. Despite this similarity, carbon in erystalline form 
(diamond) is an insulator, silicon and germanium solids are semiconductors, 
and tin isa metal. This apparent anomaly is explained in the next section. 
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TABLE 1-3 Electronic configuration in Group IVA 


Element | number 


Configuration. 


1s22522p2 
1s72s?2-p%3s?3p* 

18?2s?2p 5353. p83d1°4524.p 2 

18?2s?2p 83873p°3d! 4.924 p 84 d'95 825? 


]-7 THE ENERGY-BAND THEORY OF CRYSTALS 


X-ray and other studies reveal that most metals and semiconductors are 
crystalline in structure. A crystal consists of a space array of atoms or 
molecules (strictly speaking, ions) built up by regular repetition in three 
dimensions of some fundamental structural unit. The electronic energy levels 
discussed for a single free atom (as in a gas, where the atoms are sufficiently 
far apart not to exert any influence on one another) do not apply to the same 
atom in a crystal, This is so because the potential characterizing the crystal- 
line structure is now a periodie function in space whose value at any point is 
the result of contributions from every atom. When atoms form crystals, it is 
found that the energy levels of the inner-shell electrons are not affected 
appreciably by the presence of the neighboring atoms. However, the levels 
of the outer-shell electrons are changed considerably, since these electrons are 
shared by more than one atom in the crystal. The new energy levels of the 
outer electrons can be determined by means of quantum mechanics, and it is 
found that coupling between the outer-shell electrons of the atoms results in a 
band of closely spaced energy states, instead of the widely separated energy 
levels of the isolated atom (Fig. 1-3). A qualitative discussion of this energy- 
band structure follows. 

Consider a crystal consisting of N atoms of one of the elements in Table 
1-3. Imagine that it is possible to vary the spacing between atoms without 
altering the type of fundamental crystal structure. If the atoms are so far 
apart that the interaction between them is negligible, the energy levels will 
coincide with those of the isolated atom. The outer two subshells for each 
element in Table 1-3 contain two s electrons and two p electrons. - Hence, 
if we ignore the inner-shell levels, then, as indicated to the extreme right in 
Fig. 1-3a, there are 2N electrons completely filling the 2N possible s levels, 
all at the same energy. Since the p atomic subshell has six possible states, 
our imaginary crystal of widely spaced atoms has 2N electrons, which fill only 
one-third of the 6N possible p states, all at the same level. 

If we now decrease the interatomic spacing of our imaginary crystal 
(moving from right to left in Fig. 1-8a), an atom will exert an electric force 
on its neighbors. Because of this coupling between atoms, the atomic-wave 
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Fig. 1-3 Illustrating how the energy levels of isolated atoms are 
split into energy bands when these atoms are brought into close 
proximity to form a crystal. 


functions overlap, and the crystal becomes an electronic system which must 
obey the Pauli exclusion principle. Hence the 2N degenerate s states must 
spread out in energy. The separation between levels is small, but since N is 
very large (~/10"* em), the total spread between the minimum and maximum 
energy may be several electron volts if the interatomic distance is decreased 
sufficiently. This large number of discrete but closely spaced energy levels 
is called an energy band, and is indicated schematically by the lower shaded 
region in Fig. 1-3a. The 2N states in this band are completely filled with 
2N electrons. Similarly, the upper shaded region in Fig. 1-3a is a band of 
6N states which has only 2N of its levels occupied by electrons. 

Note that there is an energy gap (a forbidden band) between the two 
bands discussed above and that this gap decreases as the atomic spacing 
decreases. For small enough distances (not indicated in Fig. 1-3a but shown 
in Fig. 1-30) these bands will overlap. Under such circumstances the 6N upper 
states merge with the 2N lower states, giving a total of 8N levels, half of which 
are occupied by the 2N + 2N = 4N available electrons. At this spacing each 
atom has given up four electrons to the band; these electrons can no longer be 
said to orbit in s or p subshells of an isolated atom, but rather they belong to 
the crystal as a whole. In this sense the elements in Table 1-3 are tetravalent, 
since they contribute four electrons each to the erystal. The band these 
electrons occupy is called the valence band. 

If the spacing between atoms is decreased below the distance at which 
the bands overlap, the interaction between atoms is indeed large. The energy- 
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band structure then depends upon the orientation of the atoms relative to one 
another in space (the crystal structure) and upon the atomic number, which 
determines the electrical constitution of each atom. Solutions of Schrédinger’s 
equation are complicated and have been obtained approximately for only rela- 
tively few crystals. These solutions lead us to expect an energy-band diagram 
somewhat as pictured! in Fig, 1-3b. At the erystal-lattice spacing (the dashed 
vertical line), we find the valence band filled with 4N electrons separated by a 
forbidden band (no allowed energy states) of extent Hg from an empty band 
consisting of 4N additional states. This upper vacant band is called the con- 
duction band, for reasons given in the next section. 


1-8 INSULATORS, SEMICONDUCTORS, AND METALS 


A very poor conductor of electricity is called an insulator; an excellent con- 
ductor is a metal; and a substance whose: conductivity lies between these 
extremes is a semiconductor. A material may be placed in one of these three 
classes, depending upon its energy-band structure. 


Insulator The energy-band structure of Fig. 1-3b at the normal lattice 
spacing is indicated schematically in Fig. 1-4a. For a diamond (carbon) 
crystal the region containing no quantum states is several electron volts high 
(Ee ~ 6 eV). This large forbidden band separates the filled valence region 
from the vacant conduction band. The energy which can be supplied to an 
electron from an applied field is too small to carry the particle from the filled 
into the vacant band. Since the electron cannot acquire sufficient applied 
energy, conduction is impossible, and hence diamond is an insulator. 


Semiconductor A substance for which the width of the forbidden energy 
region is relatively small (~1 eV) is called a semiconductor, Graphite, a 


Conduction 
band Conduction 
band 
Free | 
Cpe a a | 
Forbidden eed; 
band Egzlev 


foo al F | ___J._¥ valence 
Holes Rae 
{ i | 


(0) (c) 


Fig. 1-4 Energy-band structure of (a) an insulator, (b) a semi- 
conductor, and (c) a metal. 
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crystalline form of carbon but having a crystal symmetry which is different 
from diamond, has such a small value of Eg, and it is a semiconductor. The 
most important practical semiconductor materials are germanium and silicon, 
which have values of Eg of 0.785 and 1.21 eV, respectively, at O°K. Energies 
of this magnitude normally cannot be acquired from an applied field. Hence 
the valence band remains full, the conduction band empty, and these materials 
are insulators at low temperatures. However, the conductivity increases with 
temperature, as we explain below. These substances are known as intrinsic 
(pure) semiconductors. 

As the temperature is increased, some of these valence electrons acquire 
thermal energy greater than Hg, and hence move into the conduction band. 
These are now free electrons in the sense that they can move about under 
the influence of even a small applied field. These free, or conduction, elec- 
trons are indicated schematically by dots in Fig. 1-4b. The insulator has now 
become slightly conducting; it is a semiconductor. The absence of an electron 
in the valence band is represented by a small circle in Jig. 1-4b, and is called a 
hole. The phrase “holes in a semiconductor” therefore refers to the empty 
energy levels in an otherwise filled valence band. 

The importance of the hole is that it may serve as a carrier of electricity, 
comparable in effectiveness with the free electron. The mechanism by which 
a hole contributes to conductivity is explained in Sec. 2-2. We also show in 
Chap. 2 that if certain impurity atoms are introduced into the crystal, these 
result in allowable energy states which lie in the forbidden energy gap. We 
find that these impurity levels also contribute to the conduction. A semi- 
conductor material where this conduction mechanism predominates is called 
an extrinsic (impurity) semiconductor. 

Since the band-gap energy of a crystal is a function of interatomic spacing 
(Fig. 1-3), it is not surprising that Eg depends somewhat on temperature. 
It has been determined experimentally that Eg decreases with temperature, 
and this dependence is given in Sec, 2-5. 


Metal A solid which contains a partly filled band structure is called a 
meial. Under the influence of an applied electric field the electrons may acquire 
additional energy and move into higher states. Since these mobile electrons 
constitute a current, this substance is a conductor and the partly filled region 
is the conduction band. One example of the band structure of 2 metal is 
given in lig. 1-4c, which shows overlapping valence and conduction bands. 
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REVIEW QUESTIONS 


1-1 Define potential energy in words and as an equation. 
1-2. Define an electron voll. 
1-3 State Bohr’s three postulates for the atom. 
1-4 Define a photon. 
1-5 Define (a) photoexciiation; (b) photoionization. 
1-6 State the Pauli exclusion principle. 
1-7 Give the electronic configuration for an atom of a specified atomic number Z. 
For example, Z = 32 for germanium. 
1-8 Explain why the energy levels of an atom become energy bands in a solid. 
1-9 What is the difference between the band structure of an insulator and of a 
semiconductor? 
1-10 What is the difference between the band structure of a semiconductor and 
of a metal? 
1-11 Explain why a semiconductor acts as an insulator at 0°K and why its 
conductivity’ increases with increasing temperature. 
1-12 What is the distinction between an intrinsic and an extrinsic semiconductor? 
1-13 Define a hole in a semiconductor. 


TRANSPORT PHENOMENA IN 
SEMICONDUCTORS 


The current in a metal is due to the flow of negative charges (electrons), 
whereas the current in a semiconductor results from the movement of 
both electrons and positive charges (holes). A semiconductor may be 
doped with impurity atoms so that the current is due predominantly 
either to electrons or to holes. The transport of the charges in a 
crystal under the influence of an electric field (a drift current), and 
also as a result of a nonuniform concentration gradient (a diffusion 
current), is investigated. 


2-1 MOBILITY AND CONDUCTIVITY 


In the preceding chapter we presented an energy-band picture of 
metals, semiconductors, and insulators. In a metal the outer, or 
valence, electrons of an atom are as much associated with one ion 
as with another, so that the electron attachment to any individual 
atom is almost zero. In terms of our previous discussion this means 
that the band occupied by the valence electrons may not be com- 
pletely filled and that there are no forbidden levels at higher energies. 
Depending upon the metal, at least one, and sometimes two or three, 
electrons per atom are free to move throughout the interior of the 
metal under the action of applied fields. 

Figure 2-1 is a two-dimensional schematic picture of the charge 
distribution within a metal. The shaded regions represent the net 
positive charge of the nucleus and the tightly bound inner electrons. 
The black dots represent the outer, or valence, electrons in the atom. 
It is these electrons that cannot be said to belong to any particular 
atom; instead, they have completely lost their individuality and can 
wander freely about from atom to atom in the metal. Thus a metal is 
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visualized as a region containing a periodic three-dimensional array of heavy, 
tightly bound ions permeated with a swarm of electrons that may move about 
quite freely. This picture is known as the eleciron-gas description of a metal. 

According to the electron-gas theory of a metal, the electrons are in 
continuous motion, the direction of flight being changed at each collision 
with the heavy (almost stationary) ions. The average distance between col- 
lisions is called the mean free path. Since the motion is random, then, on an 
average, there will be as many electrons passing through unit area in the metal 
in any direction as in the opposite direction in a given time. Hence the 
average current is zero. 

Let us now see how the situation is changed if a constant electric field 
& (volts per mcter) is applied to the metal. As a result of this electrostatic 
force, the electrons would be accelerated and the velocity would increase 
indefinitely with time, were it not for the collisions with the ions. However, 
at each inelastic collision with an ion, an electron loses energy, and a steady- 
state condition is reached where a finite value of drift speed v is attained.’ 
This drift velocity is in the direction opposite to that of the electric field. 
The speed at a time ¢ between collision is ai, where a = g&/m is the acceleration. 
Hence the average speed » is proportional to §. Thus 


v= w& (2-1) 


where » (square meters per volt-second) is called the mobility of the electrons. 

According to the foregoing theory, a steady-state drift speed has been 
superimposed upon the random thermal motion of the electrons. Such a 
directed flow of electrons constitutes a current. We now calculate the magni- 
tude of the current. 


Current Density If N electrons are contained in a length L of conductor 
(Fig. 2-2), and if it takes an electron a time 7 s to travel a distance of L m in 
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Fig. 2-2 Pertaining to the calculation of current N electrons 


density. A (3 
|}____1__ 
the conductor, the total number of electrons passing through any cross section 


of wire in unit time is N/T. Thus the total charge per second passing any 
area, which, by definition, is the current in amperes, is 


_ Na _ (2-2) 


because L/T is the average, or drift, speed v m/s of the electrons. By definition, 
the current density, denoted by the symbol J, is the current per unit area of the 
conducting medium, That is, assuming a uniform current distribution, 


I 
J= re (2-3) 
where J is in amperes per square meter, and A is the cross-sectional area (in 


meters) of the conductor. This becomes, by Eq. (2-2), 
=F (2-4) 


From Fig. 2-2 it is evident that LA is simply the volume containing the N 
electrons, and so N/LA is the electron concentration n (in electrons per cubic 
meter). Thus 


N 
and Eq. (2-4) reduces to 
J = nqv = pv (2-6) 


where p = ng is the charge density, in coulombs per cubie meter, and » is in 
meters per second. 

This derivation is independent of the form of the conducting medium. 
Consequently, Fig. 2-2 does not necessarily represent a wire conductor. It 
may represent equally well a portion of a gaseous-discharge tube or a volume 
element of a semiconductor. Furthermore, neither p nor » need be constant, 
but may vary from point to point in space or may vary with time. 


Conductivity From Eqs. (2-6) and (2-1) 


J = nqv = ngu& = cB (2-7) 
where 
o = nqu (2-8) 


is the conductivity of the metal in (ohm-meter)-'. Equation (2-7) is reeog- 
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nized as Ohm’s law, namely, the conduction current is proportional to the 
applied voltage. As already mentioned, the energy which the electrons acquire 
from the applied field is, as a result of collisions, given to the lattice ions. 
Hence power is dissipated within the metal by the electrons, and the power 
density (Joule heat) is given by /& = o&? (watts per cubic meter). 


2-2 ELECTRONS AND HOLES IN AN INTRINSIC SEMICONDUCTOR! 


From Eq. (2-8) we see that the conductivity is proportional to the concentra- 
tion » of free electrons. For a good conductor, n is very large (~108 
electrons,’m') ; for an insulator, nis very small (~10"); and for a semiconductor, 
n lies between these two values. The valence electrons in a semiconductor 
are not free to wander about as they are in a metal, but rather are trapped in a 
bond between two adjacent ions, as explained below. 


The Covalent Bond Germanium and silicon are the two most important 
semiccnductors used in electronic devices. The crystal structure of these 
materials consists of a regular repetition in three dimensions of a unit cell 
having the form of a tetrahedron with an atom at each vertex. This structure 
is illustrated symbolically in two dimensions in Fig. 2-3. Germanium has a 
total of 32 electrons in its atomic structure, arranged in shells as indicated in 
Table 1-3. As explained in Sec. 1-7, each atom in a germanium crystal 
contributes four valence electrons, so that the atom is tetravalent. The inert 
ionic core of the germanium atom carries a positive charge of +4 measured in 
units of the electronic charge. The binding forces between neighboring atoms 
result from the fact that each of the valence electrons of a germanium atom is 
shared by one of its four nearest neighbors. This eleciron-patr, or covalent, 
bond is represented in Fig. 2-3 by the two dashed lines which join each atom 
to each of its neighbors. The fact that the valence electrons serve to bind one 
atom to the next also results in the valence electron being tightly bound to the 
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nucleus. Hence, in spite of the availability of four valence electrons, the 
crystal has a low conductivity. 


The Hole At a very low temperature (say 0°K) the ideal structure of 
Fig. 2-3 is approached, and the crystal behaves as an insulator, since no free 
carriers of electricity are available. However, at room temperature, some of 
the covalent bonds will be broken because of the thermal energy supplied to the 
erystal, and conduction is made possible. This situation is illustrated in Fig. 
2-4, Here an electron, which for the far greater period of time forms part of a 
covalent bond, is pictured as being dislodged, and therefore free to wander in 
a random fashion throughout the crystal. The energy Eg required to break 
such a covalent bond is about 0.72 eV for germanium and 1.1 eV for silicon 
at room temperature. The absence of the electron in the covalent bond is 
represented by the small circle in Fig. 2-4, and such an incomplete covalent 
bond is called a hole. The importance of the hole is that it may serve as a 
carrier of electricity comparable in effectiveness with the free electron. 

The mechanism by which a hole contributes to the conductivity is quali- 
tatively as follows: When a bond is incomplete so that a hole exists, it is 
relatively easy for a valence electron in a neighboring atom to leave its covalent 
bond to fill this hole. An electron moving from a bond to fill a hole leaves a 
hole in its initial position. Hence the hole effectively moves in the direction 
opposite to that of the electron. This hole, in its new position, may now be 
filled by an electron from another covalent bond, and the hole will correspond- 
ingly move one more step in the direction opposite to the motion of the elec- 
tron. Here we have a mechanism for the conduction of electricity which does 
not involve free electrons. This phenomenon is illustrated schematically in 
Fig. 2-5, where a circle with a dot in it represents a completed bond, and an 
empty circle designates a hole. Figure 2-5a shows a row of 10 ions, with a 
broken bond, or hole, at ion 6. Now imagine that an electron from ion 7 
moves into the hole at ion 6, so that the configuration of Fig. 2-50 results. 
If we compare this figure with Fig. 2-5a, it looks as if the hole in (a) has 
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moved toward the right in (6) (from ion 6 to ion 7). This discussion indicates 
that the motion of the hole in one direction actually means the transport of a 
negative charge an equal distance in the opposite direction. So far as the flow 
of electric current is concerned. the hole behaves like a positive charge equal in 
magnitude to the electronic charge. We can consider that the holes are, physi- 
cal entities whose movement constitutes a flow of current. The heuristic 
argument that a hole behaves as a free positive charge carrier may be justified 
by quantum mechanics! An experimental verification of this concept is 
given in Sec. 2-6. 

In a pure (intrinsic) semiconductor the number of holes is equal to the 
number of free electrons. Thermal agitation continues to produce new hole- 
electron pairs, whereas other hole-electron pairs disappear as a result of 
recombination. The hole concentration p must equal the electron concentra- 
tion n, so that 


butes to the conductivity. 


Nn=pPpHn (2-9) 


where , is called the intrinsic concentration. 


Effective Mass? We digress here briefly to discuss the concept of the“ 
effective mass of the electron and hole. It is found that, when quantum 
mechanics is used to specify the motion within the crystal of a free or conduc- 
tion electron or hole on which an external field is applied, it is possible to treat 
the hole and electron as imaginary classical particles with effective positive 
masses m, and m,, respectively. This approximation is valid provided that 
the externally applied fields are much weaker than the internal periodic fields 
produced by the lattice structure. In a perfect crystal these imaginary 
particles respond only to the external fields. 

A wave-mechanical analysis! shows that a bound or valence electron 
cannot be treated as a classical particle. This difficulty is bypassed by ignoring 
the bound electrons and considering only the motion of the holes. Insummary, 
the effective-mass approximation removes the quantum features of the problem 
and allows us to use Newton’s laws to determine the effect of external forces 
on the (free) electrons and holes within a crystal. 


2-3 DONOR AND ACCEPTOR IMPURITIES 


If, to intrinsic silicon or germanium, there is added a small percentage of 
trivalent or pentavalent atoms, a doped, impure, or extrinsic, semiconductor 
is formed. 
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Donors If the dopant has five valence electrons, the crystal structure of 
Fig. 2-6 is obtained. The impurity atoms will displace some of the germanium 
atoms in the crystal lattice. Four of the five valence electrons will occupy 
covalent bonds, and the fifth will be nominally unbound and will be available 
as a carrier of current. The energy required to detach this fifth electron from 
the atom is of the order of only 0.01 eV for Ge or 0.05 eV for Si. Suitable 
pentavalent impurities are antimony, phosphorus, and arsenic. Such impu- 
rities donate excess (negative) electron carriers, and are therefore referred to as 
donor, or n-type, impurities. 

When donor impurities are added to a semiconductor, allowable energy 
levels are introduced a very small distance below the conduction band, as is 
shown in Fig. 2-7. These new allowable levels are essentially a discrete level 
because the added impurity atoms are far apart in the crystal structure, and 
hence their interaction is small. In the case of germanium, the distance of 
the new discrete allowable energy level is only 0.01 eV (0.05 eV in silicon) 
below the conduction band, and therefore at room temperature almost all the 
“fifth” electrons of the donor material are raised into the conduction band. 

If intrinsic semiconductor material is “doped” with n-type impurities, 
not only does the number of electrons increase, but the number of holes 
decreases below that which would be available in the intrinsic semiconductor, 
The reason for the decrease in the number of holes is that the larger number of 
electrons present increases the rate of recombination of electrons with holes. 
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Acceptors If a trivalent impurity (boron, gallium, or indium) is added 
to an intrinsic semiconductor, only three of the covalent bonds can be filled, 
and the vacancy that exists in the fourth bond constitutes a hole. This 
situation is illustrated in Fig. 2-8. Such impurities make available positive 
carriers because they create holes which can accept electrons. These impurities 
are consequently known as acceptor, or p-type, impurities. The amount of 
impurity which must be added to have an appreciable effect on the conductivity 
is very small. For example, if a donor-type impurity is added to the extent 
of 1 part in 108, the conductivity of germanium at 30°C is multiplied by a 
factor of 12. 

When acceptor, or p-type, impurities are added to the intrinsic semi- 
conductor, they produce an allowable discrete energy level which is just above 
the valence band, as shown in Fig. 2-9. Since a very small amount of energy 
is required for an electron to leave the valence band and occupy the acceptor 
energy level, it follows that the holes generated in the valence band by these 
electrons constitute the largest number of carriers in the semiconductor 
material. 


The Mass-action Law We noted above that adding n-type impurities 
decreases the number of holes. Similarly, doping with p-type impurities 
decreases the concentration of free electrons below that in the intrinsic semi- 
conductor. A theoretical analysis (Sec. 2-12) leads to the result that, under 
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thermal equilibrium, the product of the free negative and positive concentra- 
tions is a constant independent of the amount of donor and acceptor impurity 
doping. This relationship is called the mass-action law and is given by 


np = ni (2-10) 


The intrinsic concentration 7; is a function of temperature (Sec. 2-5). 

We have the important result that the doping of an intrinsic semiconductor 
not only increases the conductivity, but also serves to produce a conductor in 
which the electric carriers are either predominantly holes or predominantly 
electrons. In an n-type semiconductor, the electrons are called the majority 
carriers, and the holes are called the minority carriers. Ina p-type material, 
the holes are the majority carriers, and the electrons are the minority carriers, 


2-4, CHARGE DENSITIES IN A SEMICONDUCTOR 


Equation (2-10), namely, np = n2, gives one relationship between the electron 
n and the hole p concentrations. These densities are further interrelated by 
the law of electrical neutrality, which we shall now state in algebraic form: 
Let Np equal the concentration of donor atoms. Since, as mentioned above, 
these are practically all ionized, Np positive charges per cubic meter are 
contributed by the donor ions. Hence the total positive-charge density is 
No+p. Similarly, if V4 is the concentration of acceptor ions, these contrib- 
ute N4 negative charges per cubic meter. The total negative-charge density 
isN4 +n. Since the semiconductor is electrically neutral, the magnitude of 
the positive-charge density must equal that of the negative concentration, or 


No+p=Natn (2-11) 


Consider an n-type material having N4 = 0. Since the number of elec- 
trons is much greater than the number of holes in an n-type semiconductor 
(n > p), then Eq. (2-11) reduces to 


n= Nop (2-12) 


In an n-type material the free-electron concentration is approximately equal to 
the density of donor atoms. 

In later applications we study the characteristics of n- and p-type materials 
connected together. Since some confusion may arise as to which type is under 
consideration at a given moment, we add the subscript x or p for an n-type or a 
p-type substance, respectively. Thus Eq. (2-12) is more clearly written 


tn = No (2-18) 


The concentration p, of holes in the n-type semiconductor is obtained from 
Kq. (2-10), which is now written nap, = 72. Thus 


(2-14) 
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Similarly, for a p-type semiconductor, 


ni? 
NpPp = ni? Dr ~ Na Np = Na (2-15) 


It is possible to add donors to a p-type crystal or, conversely, to add 
acceptors to n-type material. If equal concentrations of donors and acceptors 
permeate the semiconductor, it remains intrinsic. The hole of the acceptor 
combines with the conduction electron of the donor to give no additional free 
carriers. Thus, from Eq. (2-11) with Np = Na, we observe that p = n, and 
from Eq. (2-10), n? = n2, orn = n; = the intrinsic concentration. 

An extension of the above argument indicates that if the concentration 
of donor atoms added to a p-type semiconductor exceeds the acceptor concen- 
tration (Np > Na), the specimen is changed from a p-type to an n-type semi- 
conductor. [In Eqs. (2-13) and (2-14) Np should be replaced by Np — Na.] 


2-5 ELECTRICAL PROPERTIES OF GE AND Sl 


A fundamental difference between a metal and a semiconductor is that the 
former is untpolar [conducts current by means of charges (electrons) of one 
sign only], whereas a semiconductor is bipolar (contains two charge-carrying 
‘articles’ of opposite sign). 


Conductivity One carrier is negative (the free electron), of mobility p,, 
and the other is positive (the hole), of mobility u,». These particles move in 
opposite directions in an electric field &, but since they are of opposite sign, the 
current of each is in the same direction. Hence the current density J is 
given by (See. 2-1) 


J = (npn + pup)g& = o& (2-16) 


where nm = magnitude of free-electron (negative) concentration 
p = magnitude of hole (positive) concentration 
o = conductivity 


Hence o = (npn + peng (2-17) 


For the pure semiconductor, n = p = 7, where 7; is the intrinsic concentration. 


Intrinsic Concentration With increasing temperature, the density of hole- 
electron pairs increases and, correspondingly, the conductivity increases. In 
Sec. 19-5 it is found that the intrinsic concentration n; varies with T as 


ne = A,Te-FaoltT (2-18) 


where Ego is the energy gap at 0°K in electron volts, & is the Boltzman constant 
in eV/°K (Appendix A),and A.is a constantindependentof 7. The constants 
Ego; Bn, Bp, and many other important physical quantities for germanium and 
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TABLE 2-1 Properties of germanium and silicon} 
eee 


Property Ge Si 
Atomic number..................... 32 14 
Atomic weight..................0000. 72.6 28.1 
Density, E/O0 WF isir spe nidaega cdaveen 5.32 2.33 
Dielectric constant (relative).......... 16 12 
Atoma/emnis cic ee once onde eniaeeune 4.4 & 102 5.0 1022 
Ego, eV, at OK... ee eee 0.785 1.21 
Ka, eV, at 300°K... 2... 0.72 1.1 
n; at 8300°K, em™?. 1.2... 2.5 & 1018 1.5 X 1078 
Intrinsic resistivity at 300°K, Q-em....| 45 230,000 
Hn, cm?/V-s at 800°K..........0.000.. 3,800 1,300 
Hp, em?/V-s at 300°K... 2... 1,800 500 
Dn, 0m?/8 = paVT. 2... ee eee 99 34 
Dp, 910? /S = pg VT... eee e cece e ees 47 13 


1G. L. Pearson and W. H. Brattain, History of Semiconductor 
Research, Proc. IRE, vol. 43, pp. 1794-1806, December, 1955. E. M. 
Conwell, Properties of Silicon and Germanium, Part II, Proc. IRE, vol. 
46, no. 6, pp. 1281-1299, June, 1958. 


silicon are given in Table 2-1. Note that germanium has of the order of 102 
atoms/em', whereas at room temperature (300°K), m: ~ 10%*/em3. Hence 
only 1 atom in about 10° contributes a free electron (and also a hole) to the 
crystal because of broken covalent bonds. For silicon this ratio is even smaller, 
about 1 atom in 10” , 


The Energy Gap The forbidden region Eg in a semiconductor depends 
upon temperature, as pointed out in Sec. 1-7. Experimentally it is found that, 
for silicon,’ 


Ee(T) = 1.21 — 3.60 xX 10-47 (2-19) 
and at room temperature (300°K), Hg = 1.1 eV. Similarly, for germanium,‘ 
E@(T) = 0.785 —~ 2.23 * 10-47 (2-20) 


and at room temperature, Eg = 0.72 eV. 


The Mobility This parameter » varies? as T-” over a temperature range 
of 100 to 400°K. For silicon, m = 2.5 (2.7) for electrons (holes), and for 
germanium, m = 1.66 (2.33) for electrons (holes). The mobility is also found 
to be a function of electric field intensity and remains constant only if 8 < 10? 
V/em in n-type silicon. For 10? < & < 104 V/em, ua varies approximately as 
& +. For higher fields, u, is inversely proportional to & and the carrier speed 
approaches the constant value of 107 em/s. 
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EXAMPLE (a) Using Avogadro’s number, verify the numerical value given in 
Table 2-1 for the concentration of atoms in germanium. (8) Find the resistivity 
of intrinsic germanium at 300°K. (ce) If a donor-type impurity is added to the 
extent of 1 part in 108 germanium atoms, find the resistivity. (d) If germanium 
were a monovalent metal, find the ratio of its conductivity to that of the n-type 
semiconductor in part c. 


Solution a. A quantity of any substance equal to its molecular weight in grams 
is a mole of that substance. Further, a mole of any substance contains the same 
number of molecules as a mole of any other material. This number is called 
Avogadro’s number and equals 6.02 X 1023 molecules per mole (Appendix A). 
Thus, for monatomic germanium (using Table 2-1), 


ti 1 mol 32 
atoms mole | 5.82 g 441 X 10% atoms 
mole 72.6 g em? em? 


b. From Eg. (2-17), with n = p = ni, 


Concentration = 6.02 & 1075 


2 
o = niq(Hn + My) = (2.5 X 10" em™)(1.60 X 10-19 C) (3,800 + 1,800) a 
-S 


= 0.0224 (Q-em)7} 


5 oi 1 1 
Resistivity = — = = 44.6 0-cm 
o 0.0224 


in agreement with the value in Table 2-1. 


c. If there is 1 donor atom per 10* germanium atoms, then Np» = 4.41 x 104 
atoms/em’. From Eq. (2-12) » = Np and from Eq. (2-14) 


ne (2.5 X 101)? 
No 4.41 x 1014 


= 1.42 & 10?2 holes/em? 


D 


Since n >> p, we can neglect p in calculating the conductivity. From Eq. (2-17) 
o = 2G, = 4.41 X 10% & 1.60 X 107! & 3,800 = 0.268 (Q-cm)-) 


The resistivity = 1/o0 = 1/0.268 = 3.72 Q-cm. 

Notes: The addition of 1 donor atom in 108 germanium atoms has multiplied 
the conductivity by a factor of 44.6/3.72 = 11.7. 

d. If each atom contributed one free electron to the ‘‘metal,”’ then 


= 4.41 « 10? electrons/cm? 


3 


and 


Q 
I 


ngtn = 4.41 & 10? X 1.60 X 10719 X& 3,800 
= 2.58 X 107 (Q-em)7 


Hence the conductivity of the ‘‘metal” is higher than that of the n-type semi- 
conduetor by a factor of 
7 
2.58 X 10 ~ 108 
0.268 
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2-6 THE HALL EFFECT 


If a specimen (metal or semiconductor) carrying a current | is placed in a 
transverse magnetic field B, an electric field & is induced in the direction per- 
pendicular to both | and B. This phenomenon, known as the Hail effect, is 
used to determine whether a semiconductor is n- or p-type and to find the 
carrier concentration. Also, by simultaneously measuring the conductivity o, 
the mobility » can be calculated. 

The physical origin of the Hall effect is not difficult to find. If in Fig. 
2-10 | is in the positive X direction and B is in the positive Z direction, a force 
will be exerted in the negative Y direction on the current carriers. The 
current | may be due to holes moving from left to right or to free electrons 
traveling from right to left in the semiconductor specimen. Hence, inde- 
pendently of whether the carriers are holes or electrons, they will be forced 
downward toward side 1 in Fig. 2-10. If the semiconductor is n-type material, 
so that the current is carried by electrons, these electrons will accumulate on 
side 1, and this surface becomes negatively charged with respect to side 2. 
Hence a potential, called the Hall voltage, appears between surfaces 1 and 2. 

If the polarity of Vx is positive at terminal 2, then, as explained above, the 
carriers must be electrons. If, on the other hand, terminal 1 becomes charged 
positively with respect to terminal 2, the semiconductor must be p-type. 
These results have been verified experimentally, thus justifying the bipolar 
(two-carrier) nature of the current in a semiconductor. 

If | is the current in a p-type semiconductor, the carriers might be con- 
sidered to be the bound electrons jumping from right to left. Then side 1 
would become negatively charged. However, experimentally, side 1 is found 
to become positive with respect to side 2 for a p-type specimen. This experi- 
ment confirms the quantum-mechanical fact noted in Sec. 2-2 that the hole 
acts like a classical free positive-charge carrier. 


Experimental Determination of Mobility In the equilibrium state the 
electric field intensity & due to the Hall effect’ must exert a force on the carrier 
which just balances the magnetic force, or 


& = Bqv (2-21) 
q 


where g is the magnitude of the charge on the carrier, and » is the drift speed. 
From Eq. (1-3), & = Via/d, where d is the distance between surfaces 1 and 2. 


Fig. 2-10 Pertaining to the Hall effect. 
The carriers (whether electrons or holes) 
are subjected to a magnetic force in the 


negative Y direction. 
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From Eq. (2-6), J = pv = I,/wd, where J is the current density, p is the charge 

density, and w is the width of the specimen in the direction of the magnetic 

field. Combining these relationships, we find 

BJd _ BI 
p pw 


Vn = &d = Bod = (2-22) 


If Vu, B, I, and w are measured, the charge density p can be determined from 
Eq. (2-22). 
It is customary to introduce the Hall coefficient Rx defined by 


1 
Ry =- 2-23 
ues (2-23) 
Hence Ry = = (2-24) 


If conduction is due primarily to charges of one sign, the conductivity o 
is related to the mobility » by Eq. (2-8), or 


og = pp (2-25) 


If the conductivity is measured together with the Hall coefficient, the mobility 
can be determined from 


u =oRy (2-26) 


We have assumed in the foregoing discussion that all particles travel with 
the mean drift speed ». Actually, the current carriers have a random thermal 
distribution in speed. If this distribution is taken into account, it is found 
that Eq. (2-24) remains valid provided that Ru is defined by 37/8». Also, 
Eq. (2-26) must be modified to » = (8c/3r)Rz. 


Applications Since Vy is proportional to B (for a given current J), then 
the Hall effect has been incorporated into a magnetic field meter. Another 
instrument, called a Haill-effect multiplier, is available to give an output 
proportional to the product of two signals. If J is made proportional to one 
of the inputs and if B is linearly related to the second signal, then, from Eq. 
(2-22), Vz is proportional to the product of the two inputs. 


2-7 CONDUCTIVITY MODULATION 


Since the conductivity o of a semiconductor is proportional to the concentration 
of free carriers [Eq. (2-17)], o may be increased by increasing n or p. The two 
most important methods for varying n and p are to change the temperature 
or to illuminate the semiconductor and thereby generate new hole-electron 
pairs. 
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Thermistors The conductivity of germanium (silicon) is found from Eq. 
(2-18) to increase approximately 6 (8) percent per degree increase in tempera- 
ture. Such a large change in conductivity with temperature places a limitation 
upon the use of semiconductor devices in some circuits. On the other hand, 
for some applications it is exactly this property of semiconductors that is used 
to advantage. A semiconductor used in this manner is called a thermistor. 
Such a device finds extensive application in thermometry, in the measurement 
of microwave-frequency power, as a thermal relay, and in control devices 
actuated by changes in temperature. Silicon and germanium are not used as 
thermistors because their properties are too sensitive to impurities. Com- 
mercial thermistors consist of sintered mixtures of such oxides as NiO, Mn2.Os, 
and Co2Q3. 

The exponential decrease in resistivity (reciprocal of conductivity) of a 
semiconductor should be contrasted with the small and almost linear increase 
in resistivity of a metal. An increase in the temperature of a metal results in 
greater thermal motion of the ions, and hence decreases slightly the mean free 
path of the free electrons. The result is a decrease in the mobility, and hence in 
conductivity. or most metals the resistance increases about 0.4 percent/°C 
increase in temperature. It should be noted that a thermistor has a negative 
coefficient of resistance, whereas that of a metal is positive and of much smaller 
magnitude. By including a thermistor in a circuit it is possible to compen- 
sate for temperature changes over a range as wide as 100°C. 

A heavily doped semiconductor can exhibit a positive temperature coeffi- 
cient of resistance, for under these circumstances the material acquires metallic 
properties and the resistance increases because of the decrease in carrier 
mobility with temperature. Such a device, called a sensistor (manufactured by 
Texas Instruments), has a temperature coefficient of resistance of +-0.7 
percent, °C (over the range from —60 to +150°C). 


Photoconductors If radiation falls upon a semiconductor, its conductivity 
inereases. This photoconductive effect is explained as follows: Radiant energy 
supplied to the semiconductor ionizes covalent bonds; that is, these bonds are 
broken, and hole-electron pairs in excess of those generated thermally are 
created. These increased current carriers decrease the resistance of the 
material, and hence such a device is called a photoresistor, or photoconductor. 
For a light-intensity change of 100 fe,} the resistance of a commercial photo- 
conductor may change by several kilohms. 

In Fig. 2-11 we show the energy diagram of a semiconductor having both 
acceptor and donor impurities. If photons of sufficient energies illuminate 
this specimen, photogeneration takes place and the following transitions are 
possible: An electron-hole pair can be created by a high-energy photon, in 
what is called intrinsic excitation; a photon may excite a donor electron into the 
conduction band; or a valence electron may go into an acceptor state. The 


t fe is the standard abbreviation for foot-candle. 
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Conduction band 


a SAOCHE VE! Fig. 2-11 Photoexcitation in 


semiconductors. (1) is intrinsic 
whereas (2) and (3) are extrinsic 
excitations. 


é e 
Valence band 


last two transitions are known as impurity excitations. Since the density of 
states in the conduction and valence bands greatly exceeds the density of 
impurity states, photoconductivity is due principally to intrinsic excitation. 


Spectral Response The minimum energy of a photon required for 
intrinsic excitation is the forbidden-gap energy Eg (electron volts) of the semi- 
conductor material. The wavelength \, of a photon whose energy corresponds 
to Eg is given by Eq. (1-14), with 2; — HE, = Bg. If, is expressed in micronst 
and #g in electron volts, 


Ae = Be (2-27) 


If the wavelength } of the radiation exceeds X,, then the energy of the photon is 
less than &g and such a photon cannot cause a valence electron to enter the 
conduction band. Hence ), is called the critical, or cutoff, wavelength, or long- 
wavelength threshold, of the material. For Si, Bg = 1.1 eV and }, = 1.13 um, 
whereas for Ge, Hg = 0.72 eV and A, = 1.73 um at room temperature (Table 
2-1). 

The spectral-sensitivity curves for Si and Ge are plotted in Fig. 2-12, 
indicating that a photoconductor is a frequency-selective device. This means 


7 1 micron = 1 micrometer = 1 wm = 107° m. 
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that a given intensity of light of one wavelength will not generate the same 
number of free carriers as an equal intensity of light of another wavelength. 
In other words, the photoelectric yteld, or spectral response, depends upon the 
frequency of the incident radiation. Note that the long-wavelength limit is 
slightly greater than the values of ), calculated above, because of the impurity 
excitations. As the wavelength is decreased (A <d, or f > f,), the response 
increases and reaches a maximum. The range of wavelengths of visible light 
(0.38 to 0.76 um) is indicated by the shaded region in Fig, 2-12, 


Commercial Photoconductive Cells There are three important types of 
applications of such a device: It is used (1) to measure a fixed amount of illumi- 
nation (as with light meter), (2) to record a modulating light intensity (as ona 
sound track), and (3) as an on—orr light relay (as in a digital or control circuit). 

The photoconducting device with the widest application is the cadmium 
sulfide cell, The sensitive area of this device consists of a layer of chemically 
deposited CdS, which may contain a small amount of silver, antimony, or 
indium impurities. In absolute darkness the resistance may be as high as 2 M, 
and when stimulated with strong light, the resistance may be less than 10 . 

The primary advantages of CdS photoconductors are their high dissipation 
capability, their excellent sensitivity in the visible spectrum, and their low 
resistance when stimulated by light. These photoconductors are designed to 
dissipate safely 300 mW, and ean be made to handle safely power levels of 
several watts. Hence a CdS photoconductor can operate a relay directly, with- 
out intermediate amplifier circuits. 

Other types of photoconductive devices are available for specific applica- 
tions. A lead sulfide, PbS, cell has a peak on the sensitivity curve at 2.9 ym, 
and hence is used for infrared-detection or infrared-absorption measurements. 
A selenium cell is sensitive throughout the visible end, and particularly toward 
the blue end of the spectrum. 


2-8 GENERATION AND RECOMBINATION OF CHARGES 


In Sec. 2-2 we see that in a pure semiconductor the number of holes is equal 
to the number of free electrons. Thermal agitation, however, continues to 
generate g new hole-electron pairs per unit volume per second, while other 
hole-clectron pairs disappear as a result of recombination; in other words, 
free electrons fall into empty covalent bonds, resulting in the loss of a pair of 
mobile carriers. On an average, a hole (an electron) will exist for 7,(r») s 
before recombination. This time is called the mean lifetime of the hole and 
electron, respectively. These parameters are ver: important in semiconductor 
devices because they indicate the time required for electron and hole concen- 
trations which have been caused to change to return to their equilibrium 
concentrations. 

Consider a bar of n-type silicon containing the thermal-equilibrium con- 
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Fig. 2-13 The hole 
(minority) concentration 


p= p,+ ple" in an n-type semiconductor 

bar as a function of time, 
Po due to generation and 
| recombination. 


ia 0 t 
Light Light 
turned on turned off 


centration p, and m. Assume that at ¢ = ¢/ the specimen is illuminated 
(Fig. 2-13) and that additional hole-electron pairs are generated uniformly 
throughout the crystal. An equilibrium situation is reached, and the new 
concentrations are # and % under the influence of the radiation. The photo- 
injected, or excess, concentration is # — po for holes and 7 — for electrons. 
Since the radiation causes hole-electron pairs to be created, then clearly, 


Pp — Po = Rh —~ No (2-28) 


Although the increase in hole concentration p equals that for the electron 
density n, the percentage increase for electrons in an n-type semiconductor 
(where electrons are plentiful) is very small. On the other hand, the percent- 
age increase in holes may be tremendous, because holes are scarce in an n-type 
crystal. In summary, the radiation affects the majority concentration hardly 
at’all, and therefore we shall limit the discussion to the behavior of the minority 
carriers. 

After a steady state is reached, at 4 = 0 in Tig. 2-13, the radiation is 
removed. We shall now demonstrate that the excess carrier density returns 
to zero exponentially with time. To do so we must derive the differential 
equation which governs the hole concentration as a function of time for ft > 0 
(when there is no eternal excitation). 

Trom the definition of mean lifetime r, and assuming that rp ts independent 
of the magnitude of the hole conceniration, 


P. — decrease in hole concentration per second 


Tn due to recombination (2-29) 
From the definition of the generation rate, 


g = increase in hole concentration per second 
due to thermal generation. (2-30) 


Since charge can neither be created nor destroyed, there must be an increase 
in hole concentration per second of amount dp ‘di. This rate must, at every 
instant of time, equal the algebraic sum of the rates given in Eqs. (2-29) and 
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(2-30), or 
d 
nif =y— Ed (2-31) 
PD 


Under steady-state conditions, dp ‘dt = 0, and with no radiation falling on the 
sample, the hole concentration p reaches its thermal-equilibrium value po. 
Hence g = p./rp, and the above equation becomes 


dp _ Po— Pp 

a eee 2-32 

di Tp Gay) 
The excess, or injected, carrier density p’ is defined as the increase in minority 
concentration above the equilibrium value. Since p’ isa function of time, then 


po =p — Po = p(t) (2-33) 
It follows from Eq. (2-32) that the differential equation controlling p’ is 


dp’ p’ 
Pear (2-34) 
The rate of change of excess concentration is proportional to this concen- 
tration—an intuitively correct result. The minus sign indicates that the 
change is a decrease in the case of recombination and an increase when the 
concentration is recovering from a temporary depletion. 
Since the radiation results in an initial (at ¢ < 0) excess concentration 
p'(0) = 6 — po and then this excitation is removed, the solution of Hq. (2-34) 
for’ > Ois 


PO) = pO)et> = (B — pels =p — p, (2-35) 


The excess concentration decreases exponentially to zero (p’ = 0 or p = po) 
with a time constant equal to the mean lifetime Tp, aS indicated in Tig, 2-13. 
The pulsed-light method indicated in this figure is used to measure Tr 


Recombination Centers Recombination is the process where an electron 
moves from the conduction band into the valence band so that a mobile 
electron-hole pair disappear. Classical mechanics requires that momentum 
be conserved in an encounter of two particles. Since the momentum is zero 
after recombination, this conservation law requires that the ‘‘colliding” elee- 
tron and hole must have equal magnitudes of momentum and they must be 
traveling in opposite directions. This requirement is very stringent, and 
hence the probability of recombination by such a direct encounter is very 
small. 

The most important mechanism in silicon or germanium through which 
holes and electrons recombine is that involving traps, or recombination centers,® 
which contribute electronic states in the energy gap of the semiconductor. 
Such a location acts effectively as a third body which can satisfy the conserva- 
tion-of-momentum requirement. These new states are associated with imper- 
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fections in the crystal. Specifically, metallic impurities in the semiconductor 
are capable of introducing energy states in the forbidden gap. Recombination 
is affected not only by volume impurities but also by surface imperfections 
in the crystal. 

Gold is extensively used as a recombination agent by semiconductor- 
device manufacturers. Thus the device designer can obtain desired carrier 
lifetimes by introducing gold into silicon under controlled conditions.’ Carrier 
lifetimes range from nanoseconds (1 ns = 10~®s) to hundreds of microseconds 


(us). 


2-9 DIFFUSION 


In addition to a conduction current, the transport of charges in a semiconductor 
may be accounted for by a mechanism called dzffusion, not ordinarily encoun- 
tered in metals. The essential features of diffusion are now discussed. 

It is possible to have a nonuniform concentration of particles in a semi- 
conductor. As indicated in Fig. 2-14, the concentration p of holes varies with 
distance x in the semiconductor, and there exists a concentration gradient, 
dp/dx, in the density of carriers. The existence of a gradient implies that 
if an imaginary surface (shown dashed) is drawn in the semiconductor, the 
density of holes immediately on one side of the surface is larger than the 
density on the other side. The holes are in a random motion as a result of 
their thermal energy. Accordingly, holes will continue to move back and 
forth across this surface. We may then expect that, in a given time interval, 
more holes will cross the surface from the side of greater concentration to the 
side of smaller concentration than in the reverse direction. This net transport 
of holes across the surface constitutes a current in the positive X direction. 
It should be noted that this net transport of charge is not the result of mutual 
repulsion among charges of like sign, but is simply the result of a statistical 
phenomenon. This diffusion is exactly analogous to that which occurs in a 
neutral gas if a concentration gradient exists in the gaseous container. The 
diffusion hole-current density J, (amperes per square meter) is proportional 


Po) 


Fig. 2-14 A nonuniform concentration p(z) results in a 
diffusion current J. 
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to the concentration gradient, and is given by 


d 
Jp = —qD, 5 (2-36) 


where D, (square meters per second) is called the diffusion constant for holes. 
Since p in Fig. 2-14 decreases with increasing a, then dp/dv is negative and 
the minus sign in Eq, (2-36) is needed, so that J, will be positive in the positive 
&X direction. A similar equation exists for diffusion electron-current density 
[p is replaced by n, and the minus sign is replaced by a plus sign in Eq. (2-36)]. 


Einstein Relationship Since both diffusion and mobility are statistical 
thermodynamic phenomena, D and # are not independent. The relationship 
between them is given by the Einstein equation (Eq. 19-59) 

D, _D, 
Mp Bn 


= Vr (2-37) 


where Vr is the “volt-equivalent of temperature,” defined by 


kT T 


r= 7 1,600 


(2-38) 
where & is the Boltzmann constant in joules per degree Kelvin. Note the 
distinction between & and k; the latter is the Boltzmann constant in electron 
volts per degree Kelvin. (Numerical values of & and k are given in Appen- 
dix A. From See. 1-3 it follows that & = 1.60 X 10-14.) At room tempera- 
ture (300°K), Vr = 0.026 V, and » = 39D, Measured values of » and com- 
puted values of D for silicon and germanium are given in Table 2-1, 


Total Current It is possible for both a potential gradient and a concentra- 
tion gradient to exist simultaneously within a semiconductor. In such a 
situation the total hole current is the sum of the drift current [Eig. (2-7), with 
n replaced by p] and the diffusion current [Eq. (2-36)], or 


d 
Jp = Wéep& — gD (2-39) 
Similarly, the net electron current is 
Jn = quan8 + gD, oi (2-40) 
2-10 THE CONTINUITY EQUATION 


In Sec, 2-8 it was seen that if we disturb the equilibrium concentrations of 
carriers in a semiconductor material, the concentration of holes or electrons 
(which is constant throughout the crystal) will vary with time. In the general 
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case, however, the carrier concentration in the body of a semiconductor is a 
function of both time and distance. We now derive the differential equation 
which governs this functional relationship. This equation is based on the 
fact that charge can be neither created nor destroyed, and hence is an extension 
of Eq. (2-31). 

Consider the infinitesimal clement of volume of area A and length dx 
(Fig. 2-15) within which the average hole concentration is p. Assume that 
the problem is one-dimensional and that the hole current I, is a function of zx. 
Tf, as indicated in Fig. 2-15, the current entering the volume at z is J, at time 
t and leaving at «+ dz is I, + dI, at the same time #, there must be dl, 
more coulombs per second leaving the volume than eutering it (for a positive 
value of dI,). Hence the decrease in number of coulombs per second within 
the volume is di. Since the magnitude of the carrier charge is q, then dIp,’q 
equals the decrease in the number of holes per second within the elemental 
volume Adz. Remembering that the current density J, = Ip/A, we have 


+ Us = — = decrease in hole concentration (holes per unit 
q GOke volume) per second, due to current J, (2-41) 


From Eg. (2-30) we know that there is an increase per second of g = Po/T» holes 
per unit volume due to thermal generation, and from Eg. (2-29) a decrease 
per second of p/rp holes per unit volume because of recombination. Since 
charge can neither be created nor destroyed, the increase in holes per unit 
volume per second, dp/dt, must equal the algebraic sum of all the increases 
listed above, or 


Op Po—p _ 1%, BS 
ot Tp gq ox 2) 


(Since both p and J, are functions of both é and 2, then partial derivatives 
are used in this equation.) : 

The continuity equation is applied to a specific physical problem in the 
following section and, is discussed further in Sec. 19-9. Equation (2-42) is 
called the law of conservation of charge, or the continutty equation for charge. 
This law applies equally well for electrons, and the corresponding equation is 
obtained by replacing p by 7 in Eq, (2-42). 
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2-11 INJECTED MINORITY-CARRIER CHARGE 


Consider the physical situation pictured’ in Fig. 2-l6a. A long semiconductor 
bar is doped uniformly with donor atoms so that the concentration n = Np 
is independent of position. Radiation falls upon the end of the bar at z = 0. 
Some of the photons are captured by the bound electrons in the covalent bonds 
near the illuminated surface. As a result of this energy transfer, these bonds 
are broken and hole-electron pairs are generated. Let us investigate how the 
steady-state minority-carrier concentration p varies with the distance x into 
the specimen. 

We shall make the reasonable assumption that the injected minority con- 
centration is very small compared with the doping level; that is, p’ <n. 
The statement that the minority concentration is much smaller than the 
majority concentration is called the low-level injection condition. Since the 
drift current is proportional to the concentration [Eq. (2-16)] and since 
p= p' + po<“Kn, we shall neglect the hole drift current (but not the electron 
drift current) and shall assume that I, is due entirely to diffusion. This 
assumption is justified at the end of this section. The controlling differential 
equation for p is 


ap _ p-~ Po 
dx® "  Daty (2-43) 


This equation is obtained by substituting Eq. (2-36) for the diffusion current 
into the equation of continuity [Eq. (2-42)] and setting dp/di = 0 for steady- 
state operation. Defining the diffusion length for holes Ly by 


Ly = (Dyry)! (2-44) 


Fig. 2-16 (a) Light falls upon ea 
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the differential equation for the injected hole concentration p’ =p — Po 
becomes 


dp’ p 

dt i (2-45) 
The solution of this equation is 

p(t) = Kies + Kyetloo (2-46) 


where K, and K are constants of integration. Consider a very long piece of 
semiconductor extending from x = 0 in the positive X direction. Since the 
concentration cannot become infinite as x ©, then K, must be zero. We 
shall assume that at z = 0 the injected concentration is p’(0). To satisfy 
this boundary condition, Ki = p’(0). Hence 


p' (x) = p'(O)e*42 = p(x) — Do (2-47) 


The hole concentration decreases exponentially with distance, as indicated 
in Fig. 2-16b. We see that the diffusion length L, represents the distance 
into the semiconductor at which the injected concentration falls to 1/e of 
its value at z = 0. In Sec. 19-9 it is demonstrated that L, also represents 
the average distance that an injected hole travels before recombining with an 
electron. 


Diffusion Currents The minority (hole) diffusion current is 1, = AJ», 
where A is the cross section of the bar. From Eqs. (2-36) and (2-47) 
AqD, 


1,(e) = ="? 


PO) catty — 282 fp(0) — pele (2-48) 
Pp Pp 


This current falls exponentially with distance in the same manner that the 
minority-carrier concentration decreases. This result is used to find the 
current in a semiconductor diode (See. 3-3). 

The majority (electron) diffusion current is AqD, dn/dz. Assuming that 
electrical neutrality is preserved under low-level injection, then n = p’, or 


N— Ne =P — Po (2-49) 


Since the thermal-equilibrium concentrations n, and p. are independent of the 
position z, then 


dn ad 
dz” fn (2-50) 
Hence the electron diffusion current is 
dn _ dp. =D 
AgDs a, = 4a, 5,7 (2-51) 


where I, = —AgD,dp/dz = the hole diffusion current. The dependence of 
the diffusion current upon x is given in Eq. (2-48). The magnitude of the 
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ratio of majority to minority diffusion current is D,,/D, ~ 2 for germanium 
and ~ 8 for silicon (Table 2-1). 


Drift Currents Since Fig. 2-16a represents an open-circuited bar, the 
resultant current (the sum of hole and electron currents) must be zero every- 
where. Hence a majority (electron) drift current J,q must exist such that 


Int (1. = a3) =0. (2-52) 


p 


D, 
Ina = (Fe = Nie (2-58) 


From Eq. (2-48) we see that the electron drift current also decreases expo- 
nentially with distance. 

It is important to point out that an electric field & must exist in the bar 
in order for a drift current to exist. This field is created internally by the 
injected carriers. From Eqs. (2-7) and (2-53) 


1 D, 
&= Agnun ( 1) I, (2-54) 


The results obtained in this section are based on the assumption that the 
hole drift current Ip¢ is zero. Using Eq. (2-7), with n replaced by p:, the 
next approximation for this current is 


P Bp [Da 
Since p <n, then Iya <<TJ,. The hole drift current is negligible compared 
with the hole diffusion current, thus justifying the assumption that the injected 
minority-carrier current, under low-level injection, is essentially a diffusion 
current. 


2-12 THE POTENTIAL VARIATION WITHIN 
A GRADED SEMICONDUCTOR 


Consider a semiconductor (Fig. 2-17a) where the hole concentration p is 
a function of x; that is, the doping is nonuniform, or graded.? Assume a 
steady-state situation and zero excitation; that is, no carriers are injected 
into the specimen from any exiernal source. With no excitation there can be 
no steady movement of charge in the bar, although the carriers possess random 
motion due to thermal agitation. Hence the total hole current must be zero. 
(Also, the total electron current must be zero.) Since p is not constant, we 
expect a nonzero hole diffusion current. In order for the total hole current to 
vanish there must exist a hole drift current which is equal and opposite to the 
diffusion current. However, a conduction current requires an electric field, 
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Fig. 2-17 (a) A graded 
semiconductor: p(z) is not 
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ie | with donor ions so that a 
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tial V, appears across this 
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and hence we conclude that, as a result of the nonuniform doping, an electric 
field is generated within the semiconductor. We shall now find this field 
and the corresponding potential variation throughout the bar. 

Setting J, = 0 in Eq. (2-39) and using the Einstein relationship Dp = upVr 
[Eq. (2-87)], we obtain 


== Var op 


&= a as (2-56) 


If the doping concentration p(x) is known, this equation allows the built-in 
field &() to be calculated. From & = —dV/dz we can calculate the potential 
variation. Thus 


dV = — Vr (2-57) 


If this equation is integrated between 2x1, where the concentration is pi and 
the potential is Vi (Fig. 2-17a), and a2, where p = po. and V = Vo, the result is 


Van = Ve—Vi = Vo nt (2-58) 


Note that the potential difference between two points depends only upon the 
concentrations at these two points and is independent of their separation 
2, — 21, Equation (2-58) may be put in the form 


pi = poeValVr (2-59) 


This is the Boltzmann relationship of kinetic gas theory. 


Mass-action Law Starting with J, = 0 and proceeding as above, the 
Boltzmann equation for electrons is obtained. 


Ni = Noe Val¥r ' (2-60) 
Multiplying Eqs. (2-59) and (2-60) gives 
Nipi = Nope (2-61) 
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This equation states that the product zp is a constant independent of 2, and 
hence of the amount of doping, under thermal equilibrium. For an intrinsic 
semiconductor, » = p = m, and hence 


np = nj? (2-10) 


which is the law of mass action introduced in Sec. 2-8. An alternative proof 
is given in Sec. 19-5. 


An Open-circuited Step-graded Junction Consider the special case 
indicated in Fig. 2-17b. The left half of the bar is p-type with a constant con- 
centration N4, whereas the right-half is n-type with a uniform density Np. 
The dashed plane is a metallurgical (p-n) junction separating the two sec- 
tions with different concentration. This type of doping, where the density 
changes abruptly from p- to n-type, is called step grading. The step-graded 
junction is located at the plane where the concentration is zero. The above 
theory indicates that there is a built-in potential between these two sections 
(called the contact difference of potenital V.). Equation (2-58) allows us to 
calculate V,. Thus 


Vo= Va = Vr ine (2-62) 


because 1 = pp = thermal-equilibrium hole concentration in p side and 
P2 = Pao = thermal-equilibrium hole concentration in n side. From Eq. 
(2-15) Pao = Na, and from Eq. (2-14) pao = 12/Np, so that 


¥, = Wein af D (2-63) 


The same expression for V, is obtained from an analysis corresponding to 
that given above and based upon equating the total electron current J, to 
zero (Prob. 2-20). The p-n junction, both open-circuited and with an applied 
voltage, is studied in detail in Chaps. 3 and 19. 


2-13 RECAPITULATION 


The fundamental principles governing the electrical behavior of semi-conduc- 
tors, discussed in this chapter, are summarized as follows: 


1. Two types of mobile charge carriers (positive holes and negative 
electrons) are available. This bipolar nature of a semiconductor is to be 
contrasted with the unipolar property of a metal, which possesses only free 
electrons. 

2, A semiconductor may be fabricated with donor (acceptor) impurities; 
so it contains mobile charges which are primarily electrons (holes). 

3. The intrinsic concentration of carriers is a function of temperature. 
At room temperature, essentially all donors or acceptors are ionized. 
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4, Current is due to two distinct phenomena: 

a. Carriers drift in an electric field (this conduction current is also avail- 
able in a metal). 

b. Carriers diffuse if a concentration gradient exists (a phenomenon 
which does not take place in a metal). 

5. Carriers are continuously being generated (due to thermal creation of 
hole-electron pairs) and are simultaneously disappearing (due to recombination). 

6. The fundamental law governing the flow of charge is called the con- 
tinutty equation. It is formulated by considering that charge can neither be 
created nor destroyed if generation, recombination, drift, and diffusion are 
all taken into account. 

7. If minority carriers (say, holes) are injected into a region containing 
majority carriers (say, an n-type bar), then usually the injected minority 
concentration is very small compared with the density of the majority carriers. 
For this low-level injection condition the minority .current is predominantly 
due to diffusion; in other words, the mznorily drift current may be neglected. 

8. The total majority-carrier flow is the sum of a drift and a diffusion 
current. The majority conduction current results from a small electric field 
internally created within the semiconductor because of the injected carriers. 

9. The minority-carrier concentration injected into one end of a semi- 
conductor bar decreases exponentially with distance into the specimen (as a 
result of diffusion and recombination). 

10. Across an open-circuited p-n junction there exists a contact difference 
of potential. 


These basic concepts are applied in the next chapter to the study of the 
p-n junction diode. 
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REVIEW QUESTIONS 


2-1 Give the electron-gas description of a metal. 

2-2 (a) Define mobility. (6) Give its dimensions. 

2-3 (a) Define conductivity. (b) Give its dimensions. 

2-4 Define a hole (in a semiconductor). 

2-5 Indicate pictorially how a hole contributes to conduction. 

2-6 (a) Define intrinsic concentration of holes. (b) What is the relationship 
between this density and the intrinsic concentration for electrons? (c) What do these 
equal at 0°K? 

2-7 Show (in two dimensions) the crystal structure of silicon containing a donor 
impurity atom. 

2-8 Repeat Rev. 2-7 for an acceptor impurity atom. 

2-9 Define (a) donor, (b) acceptor impurities. 

2-10 A semiconductor is doped with both donors and acceptors of concentrations 
No and Naz, respectively. Write the equation or equations from which to determine 
the electron and hole concentrations (n and p). 

2-11 Define the voli equivalent of temperature. 

2-12 Describe the Hall effect. 

2-13 What properties of a semiconductor are determined from a Hall effect 
experiment? 

2-14 Given an intrinsic semiconductor specimen, state two physical processes for 
increasing its conductivity. Explain briefly. 

2-15 Is the temperature coefficient of resistance of a semiconductor positive or 
negative? Explain briefly. 

2-16 Answer Rev. 2-15 for a metal. 

2-17 (a) Sketch the spectral response curve for silicon. (6) Explain its shape 
qualitatively. 

2-18 (a) Define long-wavelength, threshold, or eritical wavelength for a semi- 
conductor. (6) Explain why A, exists. 

2-19 Define mean lifetime of a carrier. 

2-20 Explain physically the meaning of the following statement: An electron and 
a hole recombine and disappear. 
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2-21 Radiation falls on a semiconductor specimen which is uniformly illuminated, 
and a steady-state is reached. At ‘= 0 the light is turned off. (a) Sketch the 
minority-carrier concentration as a function of time for é > 0. (6) Define all symbols 
in the equation describing your sketch. 

2-22 (a) Define diffusion constant for holes. (6) Give its dimensions. 

2-23 Repeat Rev. 2-22 for electrons. 

2-24 (a) Write the equation for the net electron current in a semiconductor. 
What is the physical significance of each term? (6) How is this equation modified 
for a metal? 

2-25 (a) The equation of continuity is a mathematical statement of what physical 
law? (b) The left-hand side of this equation for holes is dp,’di. The right-hand side 
contains several terms. State in words (no mathematics) what each of these terms 
represents physically. 

2-26 Light falls upon the end of a long open-circuited semiconductor specimen. 
(a) Sketch the steady-state minority-carrier concentration as a function of distance. 
(b) Define all the symbols in the equation describing your sketch. 

2-27 Light falls upon the end of a long open-circuited semiconductor bar. (a) 
For low-level injection is the minority current due predominantly to drift, diffusion, or 
both? (6) Is the majority current due predominantly to drift, diffusion, or both? 

2-28 (a) Define a graded semiconductor. (b) Explain why an electric field must 
exist in a graded semiconductor. 

2-29 Consider a step-graded junction under open-circuited conditions. Upon 
what four parameters does the contact difference of potential depend? 

2-30 State the mass-action law as an equation and in words. 

2-31 Lxplain why a contact difference of potential must develop across an open- 
circuited p-n junction. 


JUNCTION-DIODE CHARACTERISTICS 


In this chapter we demonstrate that if a junction is formed between a 
sample of p-type and one of n-type semiconductor, this combination 
possesses the properties of a rectifier. The volt-ampere character- 
istics of such a two-terminal device (called a junction diode) is studied. 
The capacitance across the junction is calculated. 

Although the transistor is a triode (three-terminal) semiconductor, 
it may be considered as one diode biased by the current from a second 
diode. Hence most of the theory developed here is utilized in Chap. 5 
in connection with the study of the transistor. 


3-1 THE OPEN-CIRCUITED p-n JUNCTION 


If donor impurities are introduced into one side and acceptors into the 
other side of a single crystal of a semiconductor, a p-n junction is 
formed, as in Fig. 2-17b. Such a system is illustrated in more sche- 
matic detail in Fig. 3-ia. The donor ion is represented by a plus 
sign because, after this impurity atom ‘‘donates” an electron, it 
becomes a positive ion. The acceptor ion is indicated by a minus 
sign because, after this atom “accepts” an electron, it becomes a 
negative ion. Initially, there are nominally only p-type carriers to 
the left of the junction and only n-type carriers to the right. 


Space-charge Region Because there is a density gradient across 
the junction, holes will initially diffuse to the right across the junction, 
and electrons to the left. We see that the positive holes which neu- 
tralized the acceptor ions near the junction in the p-type silicon have 
disappeared as a result of combination with electrons which have 
diffused across the junction. Similarly, the neutralizing electrons in 


49 


50 / INTEGRATED ELECTRONICS 
| 


Acceptor Junction Donor 


Hole Electron 


(a) 
[ 0.5¢em : 
Space-charge 
region | Charge density, p 
0.5 wm 
| 
| 
PY p ! 
dx? eI | Distance from junction 
(o) ! 
| | 
| 
Electric field 
| intensity, & 
| 
=e ! ! 
tate tem 7 Asien ee 
(c) 
\ 
| Electrostatic potential V 
| 
Pp side 
V= -feax x 
v-0 | Distance from junction 
0.5 pm 
(d) 
! i 
| | 
ay al barrier for electrons 
igen? 
| 2 side 
(e) Distance from junction 


Fig. 3-1 A schematic diagram of a p-n junction, including the 
charge density, electric field intensity, and potential-energy bar- 
riers at the junction. Since potential energy = potential X 
charge, the curve in (d) is proportional to the potential energy for 
a hole (a positive charge) and the curve in (e) is proportional to 
the negative of that in (d) (an electron is a negative charge). 


(Not drawn to scale.) 
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the n-type silicon have combined with holes which have crossed the junction - 
from the p material. The unneutralized ions in the neighborhood of the 
junction are referred to as uncovered charges. The general shape of the charge 
density p (Tig. 3-1b) depends upon how the diode is doped (a step-graded 
junction is considered in detail in Sec. 3-7). Since the region of the junction 
is depleted of mobile charges, it is called the depletion region, the space-charge 
region, or the transition region. The thickness of this region is of the order 
of the wavelength of visible light (0.5 micron = 0.5 ym). Within this very 
narrow space-charge layer there are no mobile carriers. To the left of this 
region the carrier concentration is p ~ Na, and to its right it isn ~ Np. 


Electric Field Intensity The space-charge density pis zero at the junction. 
It is positive to the right and negative to the left of the junction. This dis- 
tribution constitutes an electrical dipole layer, giving rise to electric lines of 
flux from right to left, corresponding to negative field intensity & as depicted 
in Fig. 3-ic. Equilibrium is established when the field is strong enough to 
restrain the process of diffusion. Stated alternatively, under steady-state 
conditions the drift hole (electron) current must be equal and opposite to the 
diffusion hole (electron) current so that the net hole (electron) current is 
reduced to zero—as it must be for an open-circuited device. In other words, 
there is no steady-state movement of charge across the junction. 

The field intensity curve is proportional to the integral of the charge 
density curve. This statement follows from Poisson’s equation 


(3-1) 


where ¢ is the permittivity. If ¢. is the (relative) dielectric constant and ¢, 
is the permittivity of free space (Appendix A), then ¢ = ee, Integrating 
Eq. (8-1) and remembering that § = —dV/dx gives 


g= fee dz (3-2) 


where € = Oatz = 2. Therefore the curve plotted in Fig. 3-1c is the integral 
of the function drawn in Fig. 3-16 (divided by «). 


Potential The electrostatic-potential variation in the depletion region is 
shown in Fig. 3-1d, and is the negative integral of the function 8 of Fig. 3-le. 
This variation constitutes a potential-energy barrier (Sec. 1-2) against the 
further diffusion of holes across the barrier. The form of the potential-energy 
barrier against the flow of electrons from the m side across the junction is 
shown in Fig. 3-le. It is similar to that shown in Fig. 3-1d, except that it is 
inverted, since the charge on an electron is negative. Note the existence, 
across. the depletion layer, of the contact potential V., discussed in Sec. 2-12. 
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Summary Under open-cireuited conditions the net hole current must be 
zero. If this statement were not true, the hole density at one end of the semi- 
conductor would continue to increase indefinitely with time, a situation which 
is obviously physically impossible. Since the concentration of holes in the 
p side is much greater than that in the n side, a very large hole diffusion current 
tends to flow across the junction from the p to the n material. Hence an 
electric field must build up across the junction in such a direction that a hole 
drift current will tend to flow across the junction from the 7 to the p side in 
order to counterbalance the diffusion current. This equilibrium condition of 
zero resultant hole current allows us to calculate the height of the potential 
barrier V, [Eq. (2-63)] in terms of the donor and acceptor concentrations. 
The numerical value for V, is of the order of magnitude of a few tenths of a 


~ volt. 


3-2 THE p-n JUNCTION AS A RECTIFIER! 


The essential electrical characteristic of a p-n junction is that it constitutes a 
rectifier which permits the easy flow of charge in one direction but restrains the 
flow in the opposite direction. We consider now, qualitatively, how this diode 
rectifier action comes about. 


Reverse Bias In Fig. 3-2, a battery is shown connected across the 
terminals of a p-n junction. The negative terminal of the battery is con- 
nected to the p side of the junction, and the positive terminal to the n side, 
The polarity of connection is such as to cause both the holes in the p type and 
the electrons in the n type to move away from the junction. Consequently, 
the region of negative-charge density is spread to the left of the junction (Fig. 
3-1b), and the positive-charge-density region is spread to the right. However, 
this process cannot continue indefinitely, because in order to have a steady 
flow of holes to the left, these holes must be supplied across the junction from 
the n-type silicon. And there are very few holes in the n-type side. Hence, 
nominally, zero current results. Actually, a small current does flow because 
a small number of hole-electron pairs are generated throughout the crystal 
as a result of thermal energy. The holes so formed in the n-type silicon will 
wander over to the junction. A similar remark applies to the electrons 


Metal ohmic contacts 


Fig. 3-2 (a) A p-n junction biased in the 
reverse direction. (b) The rectifler symbol 
is used for the p-n diode. 
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Metal contacts 


I 
Fig. 3-3. (a) A p-n junction biased in the 
forward direction. (b) The rectifier symbol eae 
is used for the p-n diode. us 
(5) 


thermally generated in the p-type silicon. This small current is the diode 
reverse saturation current, and its magnitude is designated by J,. This reverse 
current will increase with increasing temperature [Eq. (3-11)], and hence the 
back resistance of a crystal diode decreases with increasing temperature. From 
the argument presented here, £, should be independent of the magnitude of the 
reverse bias. 

The mechanism of conduction in the reverse direction may be described 
alternatively in the following way: When no voltage is applied to the p-n 
diode, the potential barrier across the junction is as shown in Fig. 3-ld. When 
a voltage V is applied to the diode in the direction shown in Fig. 3-2, the 
height of the potential-energy barrier is increased by the amount qV. This 
increase in the barrier height serves to reduce the flow of majority carriers 
(i.e., holes in p type and electrons in 7 type). However, the minority carriers 
(i.e., electrons in p type and holes in n type), since they fall down the potential- 
energy hill, are uninfluenced by the increased height of the barrier. The 
applied voltage in the direction indicated in Fig. 3-2 is called the reverse, or 
blocking, bias. 


Forward Bias An external voltage applied with the polarity shown in 
Fig. 3-3 (opposite to that indicated in Fig. 3-2) is called a forward bias. An 
ideal p-n diode has zero ohmic voltage drop across the body of the crystal. 
For such a diode the height of the potential barrier at the junction will be 
lowered by the applied forward voltage V. The equilibrium initially estab- 
lished between the forces tending to produce diffusion of majority carriers 
and the restraining influence of the potential-energy barrier at the junction 
will be disturbed. Hence, for a forward bias, the holes cross the junction 
from the p-type into the n-type region, where they constitute an injected 
minority current. Similarly, the electrons cross the junction in the reverse 
' direction and become a minority current injected into the p side. Holes 
traveling from left to right constitute a current in the same direction as elec- 
trons moving from right to left. Hence the resultant current crossing the 
junction is the sum of the hole and electron minority currents. A detailed 
discussion of the several current components within the diode is given in the 
next section. 


Ohmic Contacts In Fig. 3-2 (3-3) we show an external reverse (forward) 
bias applied to a p-n diode. We have assumed that the external bias voltage 
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appears directly across the junction and has the effect of raising (lowering) 
the electrostatic potential across the junction. To justify this assumption 
we must specify how electric contact is made to the semiconductor from 
the external bias circuit. In Figs. 3-2 and 3-3 we indicate metal contacts 
with which the homogeneous p-type and n-type materials are provided. We 
thus see that we have introduced two metal-semiconductor junctions, one at 
each end of the diode. We naturally expect a contact potential to develop 
across these additional junctions. However, we shall assume that the metal- 
semiconductor contacts shown in Figs. 3-2 and 3-3 have been manufactured 
in such a way that they are nonrectifying. In other words, the contact 
potential across these junctions is constant, independent of the direction 
and magnitude of the current. A contact of this type is referred to as an 
ohmic contact. 

We are now in a position to justify our assumption that the entire applied 
voltage appears as a change in the height of the potential barrier. Inasmuch 
as the voltage across the metal-semiconductor ohmic contacts remains con- 
stant and the voltage drop across the bulk of the crystal is neglected, approxi- 
mately the entire applied voltage will indeed appear as a change in the height 
of the potential barrier at the p-7 junction. 


The Short-circuited and Open-circuited p-n Junction If the voltage V 
in Fig. 3-2 or 3-3 were set equal to zero, the p-n junction would be short- 
circuited. Under these conditions, as we show below, no current can flow 
(7 = 0) and the electrostatic potential V, remains unchanged and equal to 
the value under open-circuit conditions. If there were a current (J ~ 0), the 
metal would become heated. Since there is no external source of energy avail- 
able, the energy required to heat the metal wire would have to be supplied 
by the p-n bar. The semiconductor bar, therefore, would have to cool off. 
Clearly, under thermal equilibrium the simultaneous heating of the metal and 
cooling of the bar is impossible, and we conclude that J = 0. Since under 
short-circuit conditions the sum of the voltages around the closed loop must 
be zero, the junction potential V, must be exactly compensated by the 
metal-to-semiconductor contact potentials at the ohmic contacts. Since the 
current is zero, the wire can be cut without changing the situation, and the 
voltage drop across the cut must remain zero. If in an attempt to measure V, 
we connected a voltmeter across the cut, the voltmeter would read zero voltage. 
In other words, it is not possible to measure contact difference of potential 
directly with a voltmeter. 


Large Forward Voltages Suppose that the forward voltage V in Fig. 
3-3 is increased until V approaches V,. If V were equal to V., the barrier 
would disappear and the current could be arbitrarily large, exceeding the 
rating of the diode. As a practical matter we can never reduce the barrier 
to zero because, as the current increases without limit, the bulk resistance 
of the crystal, as well as the resistance of the ohmic contacts, will limit the 
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current. Therefore it is no longer possible to assume that all the voltage V 
appears as a change across the p-n junction. We conclude that, as the for- 
ward voltage V becomes comparable with V., the current through a real p-n 
diode will be governed by the ohmic-contact resistances and the crystal bulk 
resistance. Thus the volt-ampere characteristic becomes approximately a 
straight line. 


3-3 THE CURRENT COMPONENTS IN a p-2 DIODE 


In the preceding section it was indicated that when a forward bias is applied 
to a diode, holes are injected into the n side and electrons into the p side. 
In Sec. 2-11 it was emphasized that under low-level injection conditions such 
minority currents are due almost entirely to diffusion, so that minority drift 
currents may be neglected. From Eq. (2-48) the hole diffusion current in the 
n-type materialf 7», decreases exponentially with distance x into the n-type 
region and falls to 1/eth its peak value in a diffusion length L,. This current 
is plotted in Fig. 3-4, as is also the corresponding electron diffusion current 
Inp in the p-type side. The doping on the two sides of the junction need not 
be identical, and it is assumed in this plot that the acceptor concentration is 
much greater than the donor density, so that the hole current greatly exceeds 


{ Since we must consider both hole and electron currents in each side of the junction, 
we add the second subscript n to I, in order to indicate that the hole current in the n-type 
region is under consideration. In general, if the letters p and n both appear in a symbol, 
the first letter refers to the type of carrier and the second to the type of material. 


Fig. 3-4 The hole- and 
electron-current diffu- 
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the electron current. Also, in Fig. 3-4, the space-charge region has been 
assumed to be negligibly small, a restriction to be removed soon. 

From Eg. (2-48) (with the subscript m added to Zp and to p) the minority 
(hole) diffusion current at the junction (x = 0) is given by 
AqD, 


Iyn(0) = =F 


[p,(0) at Dol (3-3) 


The Law of the Junction In the preceding section it was pointed out that 
a forward bias V lowers the barrier height and allows more carriers to cross the 
junction. Hence p,(0) must be a function of ¥. From the Boltzmann rela- 
tionship, Eq. (2-59), it seems reasonable that p,(0) should depend expo- 
nentially, upon V. Indeed, in Sec. 19-10, it is found that 


Da(O) = Duo”! Vr (3-4) 


This relationship, which gives the hole concentration at the edge of the n 
region (at « = 0, just outside of the transition region) in terms of the thermal- 
equilibrium minority-carrier concentration pro (far away from the junction) 
and the applied potential V, is called the law of the junction. A similar equa- 
tion with p and » interchanged gives the electron concentration at the edge 
of the p region in terms of V. 


The Total Diode Current Substituting Eq. (3-4) into Eq. (8-3) yields 


In(0) = SE pho (erie 1) (3-5) 


The expression for the electron current J,,(0) crossing the junction into the p 
side is obtained from Eq. (8-5) by interchanging p and n. 

Electrons crossing the junction at z = 0 from right to left constitute a 
current in the same direction as holes crossing the junction from left to right. 
Hence the total diode current J at x = 0 is 


T= Ipn(0) + Inp(0) (3-6) 


Since the current is the same throughout a series circuit, J is independent of x 
and is indicated as a horizontal line in Fig. 3-46. The expression for the diode 
current is 


I = 1,(e"'Vr — 1) (3-7) 


where J, is given in Prob. 3-6 in terms of the physical parameters of the diode. 


The Reverse Saturation Current In the foregoing discussion a positive 
value of V indicates a forward bias. The derivation of Eq. (3-7) is equally 
valid if V is negative, signifying an applied reverse-bias voltage. For a 
reverse bias whose magnitude is large compared with Vr (~26 mV at room 
temperature), [— —I,. Hence Jf, is called the reverse saturation current. 
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Since the thermal-equilibrium concentrations pz. and mo depend upon tem- 
perature 7, then J, is a function of T. This temperature dependence is 
derived in Sec. 19-10. 


The Majority-carrier Current Components In the n-type region of Fig. 
3-45 the total current J is constant and the minority (hole) current J, varies 
with x. Clearly, there must exist a majority (electron) current I,, which is a 
function of z because the diode current J at any position is the sum of the hole 
and electron currents at this distance. This majority current 


is plotted as the dashed curve in the n region of Fig. 3-5, where the narrow 
depletion region is also indicated. The majority hole current J,, is similarly 
shown dashed in the p region of this figure. As discussed in Sec. 2-11, these 
majority currents are each composed of two current components: one is a 
drift current and the second is a diffusion current. Recall from Sec. 2-11 
that the diffusion electron current is —(D,/D,)Ipn in the n side. 

Note that deep into the p side the current is a drift (conduction) current 
Inp of holes sustained by the small electric field in the semiconductor (Prob. 
38-4). As the holes approach the junction, some of them recombine with the 
electrons, which are injected into the p side from the m side. The current 
Ip thus decreases toward the junction (at just the proper gradient to maintain 
the total current constant, independent of distance). What remains of Ip, 
at the junction enters the n side and becomes the hole diffusion current Ipn. 
Similar remarks can be made with respect to current Inn. 

We emphasize that the current in a p-n diode is bipolar in character since 
it is made up of both positive and negative carriers of electricity. The total 
current is constant throughout the device, but the proportion due to holes and 
that due to electrons varies with distance, as indicated in Fig. 3-5. 


The Transition Region Since this depletion layer contains very few mobile 
charges, it has been assumed (Fig. 3-5) that carrier generation and recombina- 
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tion may be neglected within the bulk and on the surface of this region. Such 
an assumption is valid for a germanium diode, but not for a silicon device, 
For the latter it is found? that Eq. (8-5) must be modified by multiplying 
Vr by a factor 7, where 7 ~ 2 for small (rated) currents and 7 ~ 1 for large. 
currents. 


3-4 THE VOLT-AMPERE CHARACTERISTIC 


The discussion of the preceding section indicates that, for a p-n junction, the 
current J is related to the voltage V by the equation 


I = I,(e¥in¥r ~ 1) (3-9) 


A positive value of J means that current flows from the p to the n side. The 
diode is forward-biased if V is positive, indicating that the p side of the junc- 
tion is positive with respect to the n side. The symbol y is unity for ger- 
manium and is approximately 2 for silicon at rated current. 

The symbol Vy stands for the volt equivalent of temperature, and is given 
by Eq. (2-38), repeated here for convenience: 


ees 
~ 11,600 
At room temperature (7 = 300°K), Vr = 0.026 V = 26 mV. 


The form of the volt-ampere characteristic described by Eq. (8-9) is 
shown in Fig. 3-6a. When the voltage V is positive and several times Vr, 


Vr (8-10) 


VV 


Fig. 3-6 (a) The volt-ampere characteristic of an ideal p-n diode. (b) The volt- 
ampere characteristic for a germanium.diode redrawn to show the order of 
magnitude of currents. Note the expanded scale for reverse currents. The 
dashed portion indicates breakdown at Vz. 
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the unity in the parentheses of Eq. (3-9) may be neglected. Accordingly, 
except for a small range in the neighborhood of the origin, the current increases 
exponentially with voltage. When the diode is reverse-biased and |V| is 
several times Vz, J ~ —JI,. The reverse current is therefore constant, inde- 
pendent of the applied reverse bias, Consequently, J, is referred to as the 
reverse saturation current, 

For the sake of clarity, the current J, in Fig. 3-6 has been greatly exag- 
gerated in magnitude. Ordinarily, the range of forward currents over which 
a diode is operated is many orders of magnitude larger than the reverse satu- 
ration current. To display forward and reverse characteristics conveniently, 
it is necessary, as in Fig. 3-60, to use two different current scales. The volt- 
ampere characteristic shown in that figure has a forward-current scale in 
milliamperes and a reverse scale in microamperes. 

The dashed portion of the curve of Fig. 3-6b indicates that, at a reverse- 
biasing voltage Vz, the diode characteristic exhibits an abrupt and marked 
departure from Eg. (3-9). At this critical voltage a large reverse current 
flows, and the diode is said to be in the breakdown region, discussed in Sec. 3-11. 


The Cutin Voltage V, Both silicon and germanium diodes are com- 
mercially available. A number of differences between these two types are 
relevant in circuit design. The difference in volt-ampere characteristics is 
brought out in Fig. 3-7. Here are plotted the forward characteristics at room 
temperature of a general-purpose germanium switching diode and a general- 
purpose silicon diode, the 1N270 and 1N3605, respectively. The diodes have 
comparable current ratings. A noteworthy feature in Fig. 3-7 is that there 
exists a cutin, offset, break-point, or threshold, voltage V below which the cur- 
rent is very small (say, less than 1 percent of maximum rated value). Beyond 
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Fig. 3-7 The forward 
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istics of a germanium | Ge Si 
(1N270) and a silicon 46 
(1N3605) diode at 25°C, 

20 


60 / INTEGRATED ELECTRONICS Sec. 3-4 


V, the current rises very rapidly. From Fig. 3-7 we see that V, is approxi- 
mately 0.2 V for germanium and 0.6 V for silicon. 

Note that the break in the silicon-diode characteristic is offset about 
0.4 V with respect to the break in the germanium-diode characteristic. The 
reason for this difference is to be found, in part, in the fact that the reverse 
saturation current in a germanium diode is normally larger by a factor of 
about 1,000 than the reverse saturation current in a silicon diode of com- 
parable ratings. J, is in the range of microamperes for a germanium diode 
and nanoamperes for a silicon diode at room temperature. 

Since » = 2 for small currents in silicon, the current increases as e’/?"r for 
the first several tenths of a volt and increases as e”/’r only at higher voltages. 
This initial smaller dependence of the current on voltage accounts for the 
further delay in the rise of the silicon characteristic. 


Logarithmic Characteristic It is instructive to examine the family of 
curves for the silicon diodes shown in Fig. 3-8. A family for a germanium 
diode of comparable current rating is quite similar, with the exception that 
corresponding currents are attained at lower voltage. 

From Eq. (3-9), assuming that V is several times Vz, so that we may 
drop the unity, we have log J = log J, + 0.484V/nVr. We therefore expect 
in Fig. 3-8, where log J is plotted against V, that the plots will be straight 
lines. We do indeed find that at low currents the plots are linear and corre- 
spond to n = 2. At-large currents an increment of voltage does not yield as 
large an increase of current as at low currents. The reason for this behavior 
is to be found in the ohmic resistance of the diode. At low currents the 
ohmic drop is negligible and the externally impressed voltage simply decreases 
the potential barrier at the p-n junction. At high currents the externally 
impressed voltage is called upon principally to establish an electric field to 


Fig. 3-8 Volt-ampere char- 


acteristics at three different 
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passivated types 1N3605, 
1N3606, 1IN3608, and 
1N3609). The shaded area 
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overcome the ohmic resistance of the semiconductor material, Therefore, at 
high currents, the diode behaves more like a resistor than a diode, and the 
current increases linearly rather than exponentially with applied voltage. 


Reverse Saturation Current Many commercially available diodes exhibit 
an essentially constant value of 7, for negative values of Y, as indicated in 
Fig. 3-6. On the other hand, some diodes show a very pronounced increase 
in reverse current with increasing reverse voltage. This variation in J, » results 
from leakage across the surface of the diode, and also from the additional fact, 
that new charge carriers may be generated by collision in the transition region 
at the junction. 


3-5 THE TEMPERATURE DEPENDENCE OF THE V/I CHARACTERISTIC 


The volt-ampere relationship (3-9) contains the temperature implicitly in the 
two symbols Vz and J.. In Sec. 19-11 it is shown that the theoretical varia~ 
tion of 2, with T is 8 percent/°C for silicon and 11 pereent/°C for germanium. 
The performance of commercial diodes is only approximately consistent with 
these results. The reason for the discrepancy is that, in a physica] diode, 
there is a component of the reverse saturation current due to leakage over the 
surface that is not taken into account in Sec. 19-11. Since this leakage com- 
ponent is independent of temperature, we may expect to find a smaller rate 
of change of J, with temperature than that predicted above. From experi- 
mental data we observe that the reverse saturation current increases approxi- 
mately 7 percent/°C for both silicon and germanium. Since (1.07)! ~ 2.0, 
we conclude that the reverse saturation current approximately doubles for every 
10°C rise in temperature. If I, = In at T = Ti, then at a temperature T, 
I, is given by 


I(T) = Io. X 2F-Fv/10 (3-11) 


If the temperature is increased at a fixed voltage, the current increases. 
However, if we now reduce V, then J may be brought back to its previous 
‘value. In Sec. 19-11 it is found that for either silicon or germanium (at room 
temperature) 


dV ; 
ap * 2-5 mV/°C (3-12) 


in order to maintain a constant value of 7. It should also be noted that 
|dV /dT| decreases with increasing T. 


3-6 DIODE RESISTANCE 


The static resistance R of a diode is defined as the ratio V/I of the voltage 
to the current. At any point on the volt-ampere characteristic of the diode 
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(Fig. 8-7), the resistance R is equal to the reciprocal of the slope of a line 
joining the operating point to the origin. The static resistance varies widely 
with V and J and is not a useful parameter. The rectification property of a 
diode is indicated on the manufacturer’s specification sheet by giving the 
maximum forward voltage Vr required to attain a given forward current Ir 
and also the maximum reverse current Ir at a given reverse voltage Vr. Typi- 
cal values for a silicon planar epitaxial diode are Vr = 0.8 V at Ir = 10 mA 

. (corresponding to Rr = 80 2) and Jr = 0.1 uA at Ve = 50 V (corresponding 
to Re = 500 M). 

For small-signal operation the dynamic, or incremental, resistance r is an 
important parameter, and is defined as the reciprocal of the slope of the volt- 
ampere characteristic, r = dV/dI. The dynamic resistance is not a constant, 
but depends upon the operating voltage. For example, for a semiconductor 
diode, we find from Eq. (3-9) that the dynamic conductance g = 1/r is 


_ dt _Ie¥l¥r I+, 
I= aVer ar 


(8-13) 


For a reverse bias greater than a few tenths of a volt (so that \V/nVr| > 1), 
g is extremely small and r is very large. On the other hand, for a forward 
bias greater than a few tenths of a volt, J >> J,, and ris given approximately by 


Vv. 
pei 


T (3-14) 


The dynamic resistance varies inversely with current; at room temperature 
and for 7 = 1, r = 26/I, where J is in milliamperes and 7 in ohms. For a 
forward current of 26 mA, the dynamic resistance is 1 Q. The ohmic body 
resistance of the semiconductor may be of the same order of magnitude or 
even much higher than this value. Although r varies with current, in a small- 
signal model, it is reasonable to use the parameter r as a constant. 


A Piecewise Linear Diode Characteristic A large-signal approximation 
which often leads to a sufficiently accurate engineering solution is the precewise 
linear representation. For example, the piecewise linear approximation for a 
semiconductor diode characteristic is indicated in Fig. 3-9. The break point 
is not at the origin, and hence V,, is also called the offset, or threshold, voltage. 
The diode behaves like an open circuit if V < V,, and has a constant incre- 
mental resistance 7 = dV/dI if V > Vy. Note that the resistance r (also 
designated as R; and called the forward resistance) takes on added physical 
significance even for this large-signal model, whereas the static resistance 
Ry = V/T is not constant and is not useful. ; 

The numerical values V, and Rs to be used depend upon the type of 
diode and the contemplated voltage and current swings. For example, from 
Fig. 3-7 we find that, for a current swing from cutoff to 10 mA with a germanium 
diode, reasonable values are Vy = 0.2 V and Ry; = 20 Q, and for a silicon 
diode, V, = 0.6 Vand Ry = 15. On the other hand, a better approximation 
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Fig. 3-9 The piecewise linear characteriza- 
tion of a semiconductor diode. 


for current swings up to 50 mA leads to the following values; germanium, 
V, = 0.3 V, Ry = 6 Q; silicon, V, = 0.65 V, R; = 5.50. For an avalanche 
diode, discussed in See. 3-11, V, = Vz and Ry; is the dynamic resistance in 
the breakdown region. 


3-7 SPACE-CHARGE, OR TRANSITION, CAPACITANCE Cp 


As mentioned in See. 3-1, a reverse bias causes majority carriers to move away 
from the junction, thereby uncovering more immobile charges. Hence the 
thickness of the space-charge layer at the junction increases with reverse volt- 
age. This increase in uncovered charge with applied voltage may be con- 
sidered a capacitive effect. We may define an incremental capacitance C'r by 


_ |g 
Cr =| ap 


where dQ is the increase in charge caused by a change dV in voltage. It 
follows from this definition that a change in voltage dV in a time di will result 
in a current ¢ = dQ/dt, given by 


pes Cr (3-16) 


(3-15) 


Therefore a knowledge of Cr is important in considering a diode (or a transis- 
tor) as a circuit element. The quantity Cr is referred to as the transition- 
region, space-charge, barrier, or depletion-region, capactiance. We now consider 
Cr quantitatively. As it turns out, this capacitance is not a constant, but 
depends upon the magnitude of the reverse voltage. It is for this reason that 
Cr is defined by Eq. (3-16) rather than as the ratio Q/V. 


A Step-graded Junction Consider a junction in which there is an abrupt 
change from acceptor ions on one side to donor ions on the other side. Such 
a junction is formed experimentally, for example, by placing indium, which is 
trivalent, against n-type germanium and heating the combination to a high 
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Fig. 3-10 (a) A reverse-biased 
p-n step-graded junction. (b) 
The charge density. (c¢) The field 
intensity. (d) The potential vari- 
ation with distance a. 


Potential, V - 


(d) + 
Vv; 


temperature for a short time. Some of the indium dissolves into the ger- 
manium to change the germanium from n to p type at the junction. Such. 
a step-graded junction is called an alloy, or fusion, junction. A step-graded 
junction is also formed between emitter and base of an integrated transistor 
(Fig. 7-11). It is not necessary that the concentration N,4 of acceptor ions 
equal the concentration Np of donor impurities. As a matter of fact, it is 
often advantageous to have an unsymmetrical junction. Figure 3-10 shows 
the charge density as a function of distance from an alloy junction in which the 
acceptor impurity density is assumed to be much larger than the donor con- 
centration. Since the net charge must be zero, then 


NaW, = NoW, (3-17) 


If Na >> No, then W, KW, ~ W. The relationship between potential and 
charge density is given by Eq. (8-1): 


sa = (8-18) 


The electric lines of flux start on the positive donor ions and terminate on the 
negative acceptor ions. Hence there are no flux lines to the right of the 
boundary « = W, in Fig. 3-10, and 6 = ~dV/dx =0 at r= W, = W. 
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Integrating Eq. (3-18) subject to this boundary condition yields 


dV _ —gNp 
dz € 


(ec —W) = -8 (3-19) 


Neglecting the small potential drop across W,, we may arbitrarily choose 
V=Oatz=0. Integrating Eq. (3-19) subject to this condition gives 


v= —glp (2? — 2W2) (3-20) 


The linear variation in field intensity and the quadratic dependence of poten- 
tial upon distance are plotted in Fig. 3-10c and d. These graphs should be 
compared with the corresponding curves of Fig. 3-1. 

At «= W, V = V; = junction, or barrier, potential. Thus 


qNpWw? 
2e 


V;= (8-21) 

In this section we have used the symbol V to represent the potential 
at any distance x from the junction. Hence, let us introduce Va as the exter- 
nally applied diode voltage. Since the barrier potential represents a reverse 
voltage, it is lowered by an applied forward voltage. Thus 


Vi=Vo— Va 


where Vz is a negative number for an applied reverse bias and V, is the contact 
potential (Fig. 3-ld). This equation confirms our qualitative conclusion that 
the thickness of the depletion layer increases with applied reverse voltage. 
We now see that W varies as V;! = (V, — Va)}. 

If A is the area of the junction, the charge in the distance W is 


Q = qNoWA 
The transition capacitance Cr, given by Eq. (3-15), is 
_| dQ) _ aw 
Cr = || = aN oA | Fy (3-22) 
From Eq. (8-21), |@W/dV;| = «/aNpW, and hence 
cA 
Cr = W (8-23) 


It is interesting to note that this formula is exactly the expression which is 
obtained for a parallel-plate capacitor of area A (square meters) and plate 
separation W (meters) containing a material of permittivity «. If the concen- 
tration Na is not neglected, the above results are modified only slightly. In 
Eq. (3-21) W represents the total space-charge width, and 1/Np is replaced 
by 1/Na+1/Nyp. Equation (3-23) remains valid (Prob. 3-18), 
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Charge density 


Fig. 3-11 The charge-density variation vs. dis- 
tance at a linearly graded p-n junction. 


A Linearly Graded Junction A second form of junction is obtained by 
drawing a single crystal from a melt of germanium whose type is changed 
during the drawing process by adding first p-type and then n-type impurities. 
A linearly graded junction is also formed between the collector and base of an 
integrated transistor (Fig. 7-12). For such a junction the charge density 
varies gradually (almost linearly), as indicated in Fig. 3-11. If an analysis 
similar to that given above is carried out for such a junction, Eq. (3-23) is 
found to be valid where W equals the total width of the space-charge layer. 
However, it now turns out that W varies as V;* instead of V. 


Varactor Diodes We observe from the above equations that the barrier 
capacitance is not a constant but varies with applied voltage. The larger the 
reverse voltage, the larger is the space-charge width W, and hence the smaller 
the capacitance Cr. The variation is illustrated for two typical diodes in Fig. 
3-12. Similarly, for an increase in forward bias (Va positive), W decreases and 
Cp increases. 

The voltage-variable capacitance of a p-n junction biased in the reverse 
direction is useful in a number of circuits. One of these applications is voltage 
tuning of an LC resonant circuit. Other applications include self-balancing 
bridge circuits and special types of amplifiers, called parametric amplifiers. 
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Fig. 3-13. A varactor diode under reverse R. 
bias. (a) Circuit symbol; (b) circuit ens 
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Diodes made especially for the above applications which are based on 
the voltage-variable capacitance are called varactors, varicaps, or voltacaps. 
A circuit model for a varactor diode under reverse bias is shown in Fig. 3-13, 
The resistance R, represents the body (ohmic) series resistance of the diode. 
Typical values of Cr and R, are 20 pF and 8.5 ®, respectively, at a reverse bias 
of 4 V. The reverse diode resistance R, shunting Cr is large (>1 M), and 
hence is usually neglected. 

In cireuits intended for use with fast waveforms or at high frequencies, 
it is required that the transition capacitance be as small as possible, for the 
following reason: a diode is driven to the reverse-biased condition when it is 
desired to prevent the transmission of a signal. However, if the barrier 
capacitance Cr is large enough, the current which is to be restrained by the 
low conductance of the reverse-biased diode will flow through the capacitor 
(Fig. 3-130). 


3-8 CHARGE-CONTROL DESCRIPTION OF A DIODE 


If the bias is in the forward direction, the potential barrier at the junction 
is lowered and holes from the p side enter the n side. Similarly, electrons 
from the 2 side move into the p side. This process of minority-carrier injection 
is discussed in Sec. 2-11. The excess hole density falls off exponentially with 
distance, as indicated in Fig. 3-140. The shaded area under this curve is 
proportional to the injected charge. 

For simplicity of discussion we assume that one side of the diode, say, 
the p material, is so heavily doped in comparison with the n side that the cur- 
rent J is carried across the junction entirely by holes moving from the p to 
the n side, or I = I,,(0). The excess minority charge Q will then exist only 
on the n side, and is given by the shaded area in the n region of Fig. 3-14a 
multiplied by the diode cross section A and the electronic charge g. Hence, 
from Eq. (2-47), 


Q = fS° Agp'O)e* de = AgL,p’(0) (3-24) 
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Concentration Concentration 


(b) 


Fig. 3-14 Minority-carrier density distribution as a function of the distance z 
from a junction. (a) A forward-biased junction; (b) a reverse-biased junction. 


The excess hole (electron) density D, = Du — Pno (ny = Np — Np) is positive in (a) 
and negative in (b). (The transition region is assumed to be so small relative to 
the diffusion length that it is not indicated in this figure.) 


The hole current I is given by J,(z) in Eq. (2-48), with z = 0, or 


re <2) ©) (3-25) 
P 
Eliminating p’(0) from Eqs. (3-24) and (3-25) yields 
le a (8-26) 


T 


where r = Ly?/Dp = Tp, = mean lifetime for holes [Eq. (2-44)]. 

Equation (3-26) is an important relationship, referred to as the charge- 
control description of a diode. It states that the diode current (which consists 
of holes crossing the junction from the p to the m side) is proportional to the 
stored charge Q of excess minority carriers. The factor of proportionality is 
the reciprocal of the decay time constant (the mean lifetime 7) of the minority 
carriers. Thus, in the steady state, the current I supplies minority carriers at the 
rate at which these carriers are disappearing because of the process of recombination. 


Charge Storage under Reverse Bias When an external voltage reverse- 
biases the junction, the steady-state density of minority carriers is as shown 
in Fig. 3-14b. Far from the junction the minority carriers are equal to their 
thermal-equilibrium values py. and Mo, as is also the situation in Fig. 3-14a. 
As the minority carriers approach the junction they are rapidly swept across, 
and the density of minority carriers diminishes to zero at this junction. This 
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result follows from the law of the junction, Eq. (3-4), since the concentration 
pa{O) reduces to zero for a negative junction potential V. 

The injected charge under reverse bias is given by the shaded area in 
Fig. 3-14. This charge is negative since it represents less charge than is 
available under conditions of thermal equilibrium with no applied voltage. 
From Eq. (3-26) with Q negative, the diode current J is negative and, of 
course, equals the reverse saturation current J, in magnitude. 

The charge-control characterization of a diode describes the device in 
terms of the current J and the stored charge Q, whereas the equivalent-circuit 
characterization uses the current J and the junction voltage V. One immedi- 
ately apparent advantage of this charge-control description is that the expo- 
nential relationship between J and V is replaced by the linear dependence 
of Ton Q. The charge @ also makes a simple parameter, the sign of which 
determines whether the diode is forward- or reverse-biased. The diode is 
forward-biased if @ is positive and reverse-biased if @ is negative. 


3-9 DIFFUSION CAPACITANCE 


For a forward bias a capacitance which is much larger than the transition 
capacitance Cy considered in Sec. 3-8 comes into play. The origin of this 
larger capacitance lies in the injected charge stored near the junction outside 
the transition region (Fig. 3-14a). Itis convenient to introduce an incremental 
capacitance, defined as the rate of change of injected charge with voltage, 
called the diffusion, or storage, capacitance Cp. 


Static Derivation of Cp We now make a quantitative study of Cp. 
From Eqs. (3-26) and (3-13) 


_dQ_ oa 


Co= ay" "ap — = 


z (3-27) 
: 

where the diode incremental conductance gy = dI/dV. Substituting the 
expression for the diode incremental resistance r = 1/g given in Eq. (3-14) 
into Eq. (3-27) yields 


Cp = a (8-28) 
We see that the diffusion capacitance is proportional to the current I. In the 
derivation above we have assumed that the diode current J is due to holes 
only. If this assumption is not satisfied, Eq. (3-27) gives the diffusion capaci- 
tance Cp, due to holes only, and a similar expression can be obtained for the 
diffusion capacitance Cp, due to electrons. The total diffusion capacitance 
can then be obtained as the sum of Cp, and Cp, (Prob. 3-24). 

For a reverse bias, g is very small and Cy may be neglected compared 
with Cr. For a forward current, on the other hand, Cp is usually much larger 
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than Cr. For example, for germanium (7 = 1) at J = 26 mA, g = 1 8, 
and Cp =r. If, say, r = 20 us, then Cp = 20 uF, a value which is about 
a million times larger than the transition capacitance. 

Despite the large value of Cp, the time constant rCp (which is of impor- 
tance in circuit applications) may not be excessive because the dynamic for- 
ward resistance r = 1/g issmall. From Eq. (3-27), 


rCp =T (3-29) 


Hence the diode time constant equals the mean lifetime of minority carriers, 
which lies in range of nanoseconds to hundreds of microseconds. The impor- 
tance of r in circuit applications is considered in the following section. 


Diffusion Capacitance for an Arbitrary Input Consider the buildup of 
injected charge across a junction as a function of time when the potential is 
changed. In Fig. 3-15, the curve marked (1) is the steady-state value of Da 
for an applied voltage V. If the voltage at time ¢ is increased by ¢V in the 
interval di, then pi, changes to that indicated by the curve marked (2) at 
time t+ di. The increase in charge dQ’ in the time dt is proportional to the 
heavily shaded area in Fig. 3-15. Note that the concentration near the june- 
tion has increased markedly, whereas p, far away from the junction has changed 
very little, because it takes time for the holes to diffuse into the n region. If 
the applied voltage is maintained constant at V + dV, the stored charge will 
continue to increase. Finally, at t = », p, follows the curve marked (3) 
[which is given by Eq. (8-4), with V replaced by V + dV]. The steady-state 
injected charge dQ, due to the increase in voltage by dV, is proportional to the 
total shaded area in Fig. 3-15. Clearly, dQ — dQ’ is represented by the 
lightly shaded area, and hence dQ > dQ’. 

Since dQ’ is the charge injected across the junction in time dé, the current 
is given by 


psa aig tle (3-30) 


Fig. 3-15 The transient buildup of stored 
excess charge. The curve marked (1) gives 
the steady-state value of p, at a time ¢ when 
the voltageis V. If the voltage increases by 
dV and held at V + dV, then p, is given by 
(2) at time t+ dt and by (3) ati = ~. 
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where we define the small-signal diffusion capacitance Cp by Ci, = dQ’ dV. 
Note that the diode current is not given by the steady-state charge Q or static 
capacitance Cp. 
ixQ oe ime 

Since dQ’ < dQ, then C4, < Cp. 

From the above argument we conclude that the dynamic diffusion eapaci- 
tance C’, depends upon how the input voltage varies with time. To find Coy 
the equation of continuity must be solved for the given voltage waveform. 
This equation controls how p, varies both as a function of x and t, and from 
pa(z, t) we can obtain the current. If the input varies with time in an arbi- 
trary way, it may not be possible to define the diffusion capacitance in a 
unique manner. 


dV 


A (3-31) 


Diffusion Capacitance for a Sinusoidal Input Yor the special case where 
the excitation varies sinusoidally with time, C’y may be obtained from a solu- 
tion of the equation of continuity. This analysis is carried out in Sec. 19-12, 
and C'y is found to be a function of frequency. At low frequencies 


Cp=49  ifur«1 (3-32) 


which is half the value found in Eq. (3-27), based upon static considerations. 
For high frequencies, C’, decreases with increasing frequency and is given by 


: : 
Ch = (5) g ifer>1 (3-83) 
3-10 JUNCTION-DIODE SWITCHING TIMES 


When a diode is driven from the reversed condition to the forward state or in 
the opposite direction, the diode response is accompanied by a transient, and 
an interval of time elapses before the diode recovers to its steady state. The 
forward recovery time t;, is the time difference between the 10 percent point 
of the diode voltage and the time when this voltage reaches and remains within 
10 percent of its final value. It turns out that ty, does not usually constitute 
a serious practical problem, and hence we here consider only the more impor- 
tant situation of reverse recovery. 


Diode Reverse Recovery Time When an external voltage forward-biases 
a p-n junction, the steady-state density of minority carriers is as shown in 
Fig. 3-14a._ The number of minority carriers is very large. These minority 
carriers have, in each case, been supplied from the other side of the junction, 
where, being majority carriers, they are in plentiful supply. 

If the external voltage is suddenly reversed in a diode circuit which has 
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Fig. 3-16 The waveform in (b) is applied to the diode circuit in (a); (c) the excess 
carrier density at the junction; (d) the diode current; (e) the diode voltage. 


been carrying current in the forward direction, the diode current will not 
immediately fall to its steady-state reverse-voltage value. For the current 
cannot attain its steady-state value until the minority-carrier distribution, 
which at the moment of voltage reversal had the form in Fig. 3-14a, reduces 
to the distribution in Fig. 3-146. Until such time as the injected, or excess, 
minority-carrier densily Dn — Pno (OF Np — Ngo) has dropped nominally to zero, 
the diode will continue to conduct easily, and the current will be determined 
by the external resistance in the diode circuit. 


Storage and Transition Times The sequence of events which accom- 
panies the reverse biasing of a conducting diode is indicated in Fig. 3-16. 
We consider that the voltage in Fig. 3-16b is applied to the diode-resistor 
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circuit in Fig, 3-16a. For a long time, and up to the time 4, the voltage 
v; = Vr has been in the direction to forward-bias the diode. The resistance 
Fr is assumed large enough so that the drop across FR, is large in comparison 
with the drop across the diode. Then the current ist = Vp/Ry, =Ip. At 


the time ¢ = ¢; the input voltage reverses abruptly to the value » = —Vp. 
For the reasons described above, the current does not drop to zero, but instead 
reverses and remains at the valuez = — Vr,Rr = —Tz until the time ¢ = ty. 


At ! = t, as is seen in Fig. 3-16c, the minority-carrier density p, at z = 0 
has reached its equilibrium state p,.. If the diode ohmic resistance is Ra, 
then at the time t; the diode voltage falls slightly [by (Zr + In)Ral but does 
not reverse. Att = f, when the excess minority carriers in the immediate 
neighborhood of the junction have been swept back across the junction, the 
diode voltage begins to reverse and the magnitude of the diode current begins 
to decrease. The interval t; to t, for the stored-minority charge to become 
zero, is called the storage time ty. 

The time which elapses between f, and the time when the diode has 
nominally recovered is called the transition time t) This recovery interval 
will be completed when the minority carriers which are at some distance from 
the junction have diffused to the junction and crossed it and when, in addition, 
the junction transition capacitance across the reverse-biased junction has 
charged through Rz to the voltage —Vp. 

Manufacturers normally specify the reverse recovery time of a diode ty, 
in a typical operating condition in terms of the current waveform of Fig. 
3-16d, The time ¢,, is the interval from the current reversal at { = 41 until 
the diode has recovered to a specified extent in terms either of the diode cur- 
rent or of the diode resistance. If the specified value of Rp is larger than 
several hundred ohms, ordinarily the manufacturers will specify the capaci- 
tance C', shunting Rz in the measuring circuit which is used to determine {,,. 
Thus we find, for the Fairchild 1N3071, that with Ty = 30 mA and Jz = 30 mA, 
the time required for the reverse current to fall to 1.0 mA is 50 nsec. Again 
we find, for the same diode, that with Jr = 30 mA, —Vr = —35V, Rt = 2K, 
and Cy = 10 pF (~—Ip = —35/2 = -17.5 mA), the time required for the 
diode to recover to the extent that its resistance becomes 400 K ist,, = 400 nsec. 
Commercial switching-type diodes are available with times ¢,, in the range from 
less than a nanosecond up to as high as 1 us in diodes intended for switching 
large currents. 


3-11 BREAKDOWN DIODES? 


The reverse-voltage characteristic of a semiconductor diode, including the 
breakdown region, is redrawn in Fig. 3-17a. Diodes which are designed with 
adequate power-dissipation capabilities to operate in the breakdown region 
may be employed as voltage-reference or constant-voltage devices. Such 
diodes are known as avalanche, breakdown, or Zener diodes. They are used © 
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Fig. 3-17. (a) The volt-ampere characteristic of an avalanche, or Zener, diode. 
(b) A circuit in which such a diode is used to regulate the voltage across R, against 
changes due to variations in load current and supply voltage. 


characteristically in the manner indicated in Fig. 3-170. The source V and 
resistor & are selected so that, initially, the diode is operating in the break- 
down region. Here the diode voltage, which is also the voltage across the 
load Ry, is Vz, as in Fig. 3-17a, and the diode current is Zz. The diode will 
now regulate the load voltage against variations in load current and against 
variations in supply voltage V because, in the breakdown region, large changes 
in diode current produce only small changes in diode voltage. Moreover, as 
load current or supply voltage changes, the diode current will accommodate 
itself to these changes to maintain a nearly constant load voltage. The diode 
will continue to regulate until the circuit operation requires the diode current 
to fall to Izx, in the neighborhood of the knee of the diode volt-ampere curve. 
The upper limit on diode current is determined by the power-dissipation rating 
of the diode. 


Avalanche Multiplication Two mechanisms of diode breakdown for 
increasing reverse voltage are recognized. Consider the following situation: 
A thermally generated carrier (part of the reverse saturation current) falls 
down the junction barrier and acquires energy from the applied potential. 
This carrier collides with a erystal ion and imparts sufficient energy to disrupt 
a covalent bond. In addition to the original carrier, a new electron-hole pair 
has now been generated. These carriers may also pick up sufficient energy 
from the applied field, collide with another crystal ion, and create still another 
electron-hole pair. Thus each new carrier may, in turn, produce additional 
carriers through collision and the action of disrupting bonds. This cumulative 
process is referred to as avalanche multiplication. It results in large reverse 
currents, and the diode is said to be in the region of avalanche breakdown. 


Zener Breakdown Even if the initially available carriers do not acquire 
sufficient energy to disrupt bonds, it is possible to initiate breakdown through 
a direct rupture of the bonds. Because of the existence of the electric field 
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at the junction, a sufficiently strong force may be exerted on a bound electron 
by the field to tear it out of its covalent bond. The new hole-electron pair 
which is created increases the reverse current. Note that this process, called 
Zener breakdown, does not involve collisions of carriers with the crystal ions 
(as does avalanche multiplication). 

The field intensity € increases as the impurity concentration increases, 
for a fixed applied voltage (Prob. 3-25). It is found that Zener breakdown 
occurs at a field of approximately 2 X 107 V/m. This value is reached at 
voltages below about 6 V for heavily doped diodes. For lightly doped diodes 
the breakdown voltage is higher, and avalanche multiplication is the pre- 
dominant effect. Nevertheless, the term Zener is commonly used for the 
avalanche, or breakdown, diode even at higher voltages. Silicon diodes oper- 
ated in avalanche breakdown are available with maintaining voltages from 
several volts to several hundred volts and with power ratings up to 50 W. 


Temperature Characteristics A matter of interest in connection with 
Zener diodes, as with semiconductor devices generally, is their temperature 
sensitivity. The temperature coefficient is given as the percentage change 
in reference voltage per centigrade degree change in diode temperature. 
These data are supplied by the manufacturer. The coefficient may be either 
positive or negative and will normally be in the range +0.1 percent/°C. If 
the reference voltage is above 6 V, where the physical mechanism involved is 
avalanche multiplication, the temperature coefficient is positive. However, 
below 6 V, where true Zener breakdown is involved, the temperature coefficient 
is negative. 

A qualitative explanation of the sign (positive or negative) of the tem- 
perature coefficient of Vz is now given. A junction having a narrow deple- 
tion-layer width, and hence high field intensity, will break down by the Zener 
mechanism. An increase in temperature increases the energies of the valence 
electrons, and hence makes it easier for these electrons to escape from the 
covalent bonds. Less applied voltage is therefore required to pull these elec- 
trons from their positions in the crystal lattice and convert them into conduc- 
tion electrons. Thus the Zener breakdown voltage decreases with temperature. 

A junction with a broad depletion layer, and therefore a low field intensity, 
will break down by the avalanche mechanism. In this case we rely on intrinsic 
carriers to collide with valence electrons and create avalanche multiplication. 
As the temperature increases, the vibrational displacement of atoms in the 
erystal grows, This vibration increases the probability of collisions with the 
lattice atoms of the intrinsic particles as they cross the depletion width. The 
intrinsic holes and electrons thus have less of an opportunity to gain sufficient 
energy between collisions to start the avalanche process. Therefore the value 
of the avalanche voltage must increase with increased temperature. 


Dynamic Resistance and Capacitance A matter of importance in con- 
nection with Zener diodes is the slope of the diode volt-ampere curve in the 
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operating range. If the reciprocal slope AVz/Alz, called the dynamic resis- 
tance, is r, then a change AJz in the operating current of the diode produces a 
change AVz = 7 Alz in the operating voltage. Ideally, r = 0; corresponding 
to a volt-ampere curve which, in the breakdown region, is precisely vertical. 
The variation of r at various currents for a series of avalanche diodes of fixed 
power-dissipation rating and various voltages show a rather broad minimum 
in the range 6 to 10 V. This minimum value of r is of the order of magnitude 
of a few ohms. However, for values of Vz below 6 V or above 10 V, and 
particularly for small currents (~1 mA), r may be of the order of hundreds 
of ohms. 

Some manufacturers specify the minimum current Izx (Fig. 3-17a) below 
which the diode should not be used. Since this current is on the knee of the 
above curve, where the dynamic resistance is large, then for currents lower than 
Izx the regulation will be poor. Some diodes exhibit a very sharp knee even - 
down into the microampere region. 

The capacitance across a breakdown diode is the transition capacitance, 
and hence varies inversely as some power of the voltage. Since Cr is propor- 
tional to the cross-sectional area of the diode, high-power avalanche diodes 
have very large capacitances. Values of Cr from 10 to 10,000 pF are common. 


Additional Reference Diodes Zener diodes are available with voltages 
as low as about 2 V. Below this voltage it is customary, for reference and 
regulating purposes, to use diodes in the forward direction. As appears in 
Fig. 3-7, the volt-ampere characteristic of a forward-biased diode (sometimes 
called a stabistor) is not unlike the reverse characteristic, with the exception 
that, in the forward direction, the knee of the characteristic occurs at lower 
voltage. A number of forward-biased diodes may be operated in series to 
reach higher voltages. Such series combinations, packaged as single units, 
are available with voltages up to about 5 V, and may be preferred to reverse- 
biased Zener diodes, which at low voltages have very large values of dynamic 
resistance. 

When it is important that a Zener diode operate with a low temperature 
coefficient, it may be feasible to operate an appropriate diode at a current 
where the temperature coefficient is at or near zero. Quite frequently, such 
operation is not convenient, particularly at higher voltages and when the 
diode must operate over a range of currents. Under these circumstances 
temperature-compensated avalanche diodes find application. Such diodes 
consist of a reverse-biased Zener diode with a positive temperature coefficient, 
combined in a single package with a forward-biased diode whose temperature 
coefficient is negative. As an example, the Transitron SV3176 silicon 8-V 
reference diode has a temperature coefficient of +0.001 pereent/°C at 10 mA 
over the range —55 to +100°C. The dynamic resistance is only 1.59. The 
temperature coefficient remains below 0.002 percent,°C for currents in the 
range 8 to 12 mA. The voltage stability with time of some of these reference 
diodes is comparable with that of conventional standard cells. 
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When a high-voltage reference is required, it is usually advantageous 
(except of course with respect to economy) to use two or more diodes in 
series rather than a single diode. This combination will allow higher volt- 
age, higher dissipation, lower temperature coefficient, and lower dynamic 
resistance. 


3-12 THE TUNNEL DIODE 


A p-n junction diode of the type discussed in Sec. 3-1 has an impurity concen- 
tration of about 1 part in 10% With this amount of doping, the width of the 
depletion layer, which constitutes a potential barrier at the junction, is of the 
order of a micron. This potential barrier restrains the flow of carriers from 
the side of the junction where they constitute majority carriers to the side 
where they constitute minority carriers. If the concentration of impurity 
atoms is greatly increased, say, to 1 part in 10° (corresponding to a density 
in excess of 10'° em’), the device characteristics are completely changed. 
This new diode was announced in 1958 by Esaki,‘ who also gave the correct 
theoretical explanation for its volt-ampere characteristic, 


The Tunneling Phenomenon The width of the junction barrier varies 
inversely as the square root of impurity concentration [Eq. (3-21)] and there- 
fore is reduced to less than 100 A (10-§ cm), This thickness is only about 
one-fiftieth the wavelength of visible light. Classically, a particle must have 
an energy at least equal to the height of a potential-energy barrier if it is to 
move from one side of the barrier to the other. However, for barriers as thin 
as those estimated above in the Esaki diode, the Schrédinger equation indicates 
that there is a large probability that an electron will penetrate through the 
barrier. This quantum-mechanical behavior is referred to as tunneling, and 
hence these high-impurity-density p-n junction devices are called tunnel 
diodes. ‘The volt-ampere relationship is explained in Sec. 19-8 and is depicted 
in Fig. 3-18. 


Characteristics of a Tunnel Diode’ From Fig. 3-18 we see that the 
tunnel diode is an excellent conductor in the reverse direction (the p side of 
the junction negative with respect to the n side). Also, for small forward 
voltages (up to 50 mV for Ge), the resistance remains small (of the order of 
52). At the peak current Ip corresponding to the voltage Vp, the slope dI/dV 
of the characteristicis zero. If V is increased beyond Vp, the current decreases. 
As a consequence, the dynamic conductance g = dI/dV is negative. The 
tunnel diode exhibits a negative-resistance characteristic between the peak 
current Jp and the minimum value Jy, called the valley current. At the valley 
vollage Vy at which J = Jy, the conductance is again zero, and beyond this 
point the resistance becomes and remains positive. At the so-called peak 
forward voltage Vy the current again reaches the value Ip. For larger voltages 
the current increases beyond this value. 
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Fig. 3-18 Volt-ampere characteristic of a tunnel diode. 


For currents whose values are between Jy and Ip, the curve is triple- 
valued, because each current can be obtained at three different applied volt- 
ages. It is this multivalued feature which makes the tunnel diode useful in 
pulse and digital circuitry.® 

The standard circuit symbol for a tunnel diode is given in Fig. 3-19a. 
The small-signal model for operation in the negative-resistance region is indi- 
eated in Fig. 3-19b. The negative resistance —R, has a minimum at the 
point of inflection between Jp and Iy. The series resistance R, is ohmic 
resistance. ‘The series inductance L, depends upon the lead length and the 
geometry of the dipole package. The junction capacitance C’ depends upon 
the bias and is usually measured at the valley point. Typical values for 
these parameters for a tunnel diode of peak current value Jp = 10 mA are 
—R, = —300, R, = 10, L, = 5 nH, and C = 20 pF. 

One interest in the tunnel diode is its application as a very high-speed 
switch. Since tunneling takes place at the speed of light, the transient 
response is limited only by total shunt capacitance (junction plus stray wiring 
capacitance) and peak driving current. Switching times of the order of a 
nanosecond are reasonable, and times as low as 50 ps have been obtained. 
A second application® of the tunnel diode is as a high-frequency (microwave) 
oscillator. 

The most common commercially available tunnel diodes are made from 
germanium or gallium arsenide. It is difficult to manufacture a silicon tunnel 


Fig. 3-19 (a) Symbol for a tunnel 
diode; (b) smalf+signal model in 
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TABLE 3-1 Typical tunnel-diode parameters 


Ge GaAs Si 
Ip/Iy. 8 15 3.5 
TEBOW eis Me seis 0.055 0.15 0.065 
Viv V teeta Sk Steck 0.35 0.50 0.42 
Vogi Wists vapsuise 0.50 1.10 0.70 


diode with a high ratio of peak-to-valley current Ip/Iy. Table 3-1 summarizes 
the important static characteristics of these devices. The voltage values in 
this table are determined principally by the particular semiconductor used 
and are almost independent of the current rating. Note that gallium arsenide 
has the highest ratio 7p/Zy and the largest voltage swing Vr — Vp ~ 1.0 V, as 
against 0.45 V for germanium. The peak current Jp is determined by the 
impurity concentration (the resistivity) and the junction area. For computer 
applications, devices with Ip in the range of 1 to 100 mA are most common. 
The peak point (Va, Zr), which is in the tunneling region, is not a very sensitive 
function of temperature. However, the valley point (Vy, Ivy), which is 
affected by the injection current, is quite temperature-sensitive.® 

The advantages of the tunnel diode are low cost, low noise, simplicity, 
high speed, environmental immunity, and low power. The disadvantages of 
the diode are its low output-voltage swing and the fact that it is a two-terminal 
device. Because of the latter feature, there is no isolation between input and 
output, and this leads to serious circuit-design difficulties. 


3-13 THE SEMICONDUCTOR PHOTODIODE 


If a reverse-biased p-n junction is illuminated, the current varies almost 
linearly with the light flux. This effect is exploited in the semiconductor 
photodiode. ‘This device consists of a p-n junction embedded in a clear plastic, 
as indicated in Fig. 3-20. Radiation is allowed to fall upon one surface 
across the junction. The remaining sides of the plastic are either painted 
black or enclosed in a metallic case. The entire unit is extremely small 
and has dimensions of the order of tenths of an inch. 


Clear plastic 


Fig. 3-20 The construction of a semiconduc- 
tor photodiode, 


Radiation 


80 / INTEGRATED ELECTRONICS Sec, 3-13 


Volt-Ampere Characteristics If reverse voltages in excess of a few tenths 
of a volt are applied, an almost constant current (independent of the magnitude 
of the reverse bias) is obtained. The dark current corresponds to the reverse 
saturation current due to the thermally generated minority carriers. As 
explained in Sec. 3-2, these minority carriers “fall down” the potential hill 
at the junction, whereas this barrier does not allow majority carriers to cross 
the junction. Now if light falls upon the surface, additional electron-hole 
pairs are formed. In Sec. 2-8 we note that it is justifiable to consider the 
radiation solely as a mtnority-carrver injector. These injected minority carriers 
(for example, electrons in the p side) diffuse to the junction, cross it, and 
contribute to the current. , 

The reverse saturation current J, in a p-n diode is proportional to the 
concentrations Pro and “p. of minority carriers in the n and p region, respec- 
tively. If we illuminate a reverse-biased p-n junction, the number of new 
hole-electron pairs is proportional to the number of incident photons. Hence 
the current under large reverse bias is / = J, + J,, where J., the short-circuit 
current, is proportional to the light intensity. Hence the volt-ampere char- 
acteristic is given by 


Tl=7,+ To(1 —_ eViaVr) : (8-84) 


where J, 7,, and J, represent the magnitude of the reverse current, and V is 
positive for a forward voltage and negative for a reverse bias. The parameter 
n is unity for germanium and 2 for silicon, and Vr is the volt equivalent of 
temperature defined by Eg. (8-10). 

Typical photodiode volt-ampere characteristics are indicated in Fig. 3-21. 
The curves (with the exception of the dark-current curve) do not pass through 
the origin. The characteristics in the millivolt range and for positive bias 
are discussed in the following section, where we find that the photodiode may 
be used under either short-circuit or open-circuit conditions. It should be 
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Fig. 3-22 Sensitivity of a semi- 
conductor photodiode as a function 
of the distance of the light spot 
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noted that the characteristics drift somewhat with age. The barrier capaci- 
tance Cr ~ 10 pI’, the dynamie resistance R ~ 50 MI, and the ohmic resistance 
r = 100Q. 


Sensitivity with Position of |Ilumination The current in a reverse-biased 
semiconductor photodiode depends upon the diffusion of minority carriers to 
the junction. If the radiation is focused into a small spot far away from the 
junction, the injected minority carriers can recombine before diffusing to the 
junction. Hence a much smaller current will result than if the minority 
carriers were injected near the junction. The photocurrent as a function of 
the distance from the junction at which the light spot is focused is indicated 
in Fig. 8-22. The curve is somewhat asymmetrical because of the differences 
in the diffusion lengths of minority carriers in the pandnsides. Incidentally, 
the spectral response of the semiconductor photodiode is the same as that for a 
photoconductive cell, and is indicated in Fig. 2-12, 

The p-n photodiode and, particularly, the improved n-p-n version 
described in Sec. 5-14 find extensive application in high-speed reading of 
computer punched cards and tapes, light-detection systems, reading of film 
sound track, light-operated switches, production-line counting of objects 
which interrupt a light beam, etc. 


3-14 THE PHOTOVOLTAIC EFFECT? 


In Fig. 3-21 we see that an almost constant reverse current due to injected 
minority carriers is collected in the p-» photodiode for large reverse voltages. 
If the applied voltage is reduced in magnitude, the barrier at the junction is 
reduced. This decrease in the potential hill does not affect the minority cur- 
rent (since these particles fall down the barrier), but when the hill is reduced 
sufficiently, some majority carriers can also cross the junction. These carriers 
correspond to a forward current, and hence such a flow will reduce the net 
(reverse) current. It is this increase in majority-carrier flow which accounts 
for the drop in the reverse current near the zero-voltage axis in lig. 3-21, 
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An expanded view of the origin in this figure is indicated in Fig. 3-23. (Note 
that the first quadrant of Fig. 3-21 corresponds to the third quadrant of 
Fig, 3-23.) 


The Photovoltaic Potential If a forward bias is applied, the potential 
barrier is lowered, and the majority current increases rapidly. When this 
majority current equals the minority current, the total current is reduced to 
zero. The voltage at which zero resultant current is obtained is called the 
photovoliaic potential. Since, certainly, no current flows under open-circuited 
conditions, the photovoltaic emf is obtained across the open terminals of a 
p-n junction. 

An alternative (but of course equivalent) physical explanation of the 
photovoltaic effect is the following: In Sec. 3-1 we see that the height of 
the potential barrier at an open-circuited (nonilluminated) p-n junction adjusts 
itself so that the resultant current is zero, the electric field at the junction 
being in such a direction as to repel the majority carriers. If light falls on 
the surface, minority carriers are injected, and since these fall down the barrier, 
the minority current increases. Since under open-cireuited conditions the 
total current must remain zero, the majority current (for example, the hole 
current in the p side) must increase the same amount as the minority current. 
This rise in majority current is possible only if the retarding field at the junc- 
tion is reduced. Hence the barrier height is automatically lowered as a result 
of the radiation. Across the diode terminals there appears a voltage just equal 
to the amount by which the barrier potential is decreased. This potential is 
the photovoltaic emf and is of the order of magnitude of 0.5 V for a silicon 
and 0.1 V for a germanium cell. 

The photovoltaic voltage Vinsx corresponds to an open-circeuited diode. 
If J = 0 is substituted into Eq. (3-384), we obtain 


Veo Saly int ee I (3-35) 
I, 


Since, except for very small light intensities, 7, I, >>1, then Vinx Increases 
logarithmically with J,, and hence with illumination. Such a logarithmic 
relationship is obtained experimentally. ; 


Maximum Output Power If a resistor Rx is placed directly across the 
diode terminals, the resulting current can be found at the intersection of the 
characteristic in Fig. 3-23 and the load line defined by V = —IRr. Hi Ri = 0, 
then the output voltage V is zero, and for Ry = ©, the output current Tis 
zero. Hence, for these two extreme values of load, the output power is zero. 
If for each assumed value of Rr the values of V and J are read from Fig. 3-23 
and P = VI is plotted versus Rr, we can obtain the opiimum load resistance 
to give maximum output power. For the types LS222 and L8223 photovoltaic 
light sensors, this optimum load is 3.4 K and Pmx © 34 »W. When the p-7 
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Fig. 3-23 Volt-ampere characteristics for the 1222 and 18223 p-n 
junction photodiodes ata light intensity of 500 fc. (Courtesy of Texas 
Instruments, Inc.) 


photodiode is used as an energy converter (to transform radiant energy into 
electric energy), the optimum load resistance should be used. 


The Short-circuit Current We see from Fig. 3-23 and Eq. (3-34) that a 
definite (nonzero) current is obtained for zero applied voltage. Hence a 
junction photocell can be used under short-circuit conditions. As already 
emphasized, this current J, is proportional to the light intensity. Such a 
linear relationship is obtained experimentally. 


Solar-energy Converters ‘The current drain from a photovoltaic cell 
may be used to power electronic equipment or, more commonly, to charge 
auxiliary storage batteries. Such energy converters using sunlight as the pri- 
mary energy are called solar batteries and are used in satellites like the Telstar. 
A silicon photovoltaic cell of excellent stability and high (~14 percent) con- 
version efficiency is made by diffusing a thin n-type impurity onto a p-type 
base. In direct noonday sunlight such a cell generates an open-circuit voltage 
of approximately 0.6 V. 


3-15 LIGHT-EMITTING DIODES 


Just as it takes energy to generate a hole-electron pair, so energy is released 
when an electron recombines with a hole. In silicon and germanium this 
recombination takes place through traps (Sec. 2-8) and the liberated energy 
goes into the crystal as heat. However, it is found that in other semicon- 
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ductors, such as gallium arsenide, there is a considerable amount of direct 
recombination without the aid of traps. Under such circumstances the encrgy 
released when an electron falls from the conduction into the valence band 
appears in the formof radiation. Such a p-n diode is called a light-emitting diode 
(LED), although the radiation is principally in the infrared. The efficiency of 
the process of light generation increases with the injected current and with 
a decrease in temperature. The light is concentrated near the junction because 
most of the carriers are to be found within a diffusion length of the junction. 

Under certain conditions, the emitted light is coherent (essentially mono- 
chromatic). Such a diode is called an injection junction laser. 
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REVIEW QUESTIONS 


3-1 Consider an open-circuited p-n junction. Sketch curves as a function of 
distance across the junction of space charge, electric field, and potential. 

3-2 (a) What is the order of magnitude of the space-charge width at a p-n junc- 
tion? (6) What does this space charge consist of—electrons, holes, neutral donors, 
neutral acceptors, ionized donors, ionized acceptors, etc.? 

3-3 (a) For a reverse-biased diode, does the transition region increase or decrease 
in width? (6) What happens to the junction potential? 

3-4 Explain why the p-n junction contact potential cannot be measured by 
placing a voltmeter across the diode terminals. 

3-5 Explain physically why a p-n diode acts as a rectifier. 

3-6 (a) Write the law of the junction. (6) Define all terms in this equation. 
(c) What does this equation state for a large forward bias? (d) A large reverse bias? 

3-7 Plot the minority-carrier current components and the total current in a p-n 
diode as a function of the distance from the junction. 

3-8 Plot the hole current, the electron current, and the total current as a function 
of distance on both sides of a p-n junction. Indicate the transition region. 

3-9 (a) Write the volt-ampere equation for a p-n diode. (b) Explain the meaning 
of each symbol. 

3-10 Plot the volt-ampere curves for germanium and silicon to the same scale, 
showing the cutin value for each. 

3-11 (a) How does the reverse saturation current of a p-n diode vary with 
temperature? (6) How does the diode voltage (at constant current) vary with 
temperature? 

3-12 How does the dynamic resistance r of a diode vary with (a) current and 
(6) temperature? (c) What is the order of magnitude of 7 for silicon at room tempera- 
ture and for a de current of 1 mA? 

3-13 (a) Sketch the piecewise linear characteristic of a diode. (b) What are the 
approximate cutin voltages for silicon and germanium? 

3-14 Consider a step-graded p-n junction with equal doping on both sides of the 
junction (V4 = Np). Sketch the charge density, field intensity, and potential as a 
function of distance from the junction for a reverse bias. 

3-15 (a) How does the transition capacitance Cr vary with the depletion-layer 
width? (6) With the applied reverse voltage? (c) What is the order of magnitude 
of Cr? 

3-16 What is a varactor diode? 

3-17 Plot the minority-carrier concentration as a function of distance from a p-n 
Junction in the n side only for (a) a forward-biased junction, (6) a negatively biased 
junction. Indicate the excess concentration and note where it is positive and where 
negative. 
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3-18 Under steady-state conditions the diode current is proportional to a charge 
Q. (@ What is the physical meaning of the factor of proportionality? (b) What 
charge does Q represent—transition layer charge, injected minority-carrier charge, 
majority-carrier charge, etc.? 

3-19 (a) How does the diffusion capacitance Cp vary with de diode current? 
(6) What does the product of Cp and the dynamic resistance of a diode equal? 

3-20 What is meant by the minority-carrier storage time of a diode? 

3-21 A diode in series with a resistor R, is forward-biased by a voltage Vr. 
After a steady state is reached, the input changes to ~Vp. Sketch the current as a 
function of time. Explain qualitatively the shape of this curve. 

3-22 (a) Draw the volt-ampere characteristic of an avalanche diode. (b) What 
is meant by the knee of the curve? (c) By the dynamic resistance? (d) By the 
temperature coefficient? 

3-23 Describe the physical mechanism for avalanche breakdown. 

3-24 Describe the physical mechanism for Zener breakdown. 

3-25 Draw a circuit which uses a breakdown diode to regulate the voltage across 
a load. 

3-26 Sketch the volt-ampere characteristic of a tunnel diode. Indicate the 
negative-resistance portion. 

3-27 Draw the small-signal model of the tunnel diode operating in the negative- 
resistance region. Define each circuit element. 

3-28 (a) Draw the volt-ampere characteristics of a p-n photodiode. (b) Does the 
current correspond to a forward- or reverse-biased diode? (c) Each curve is drawn for 
a different value of what physical parameter? 

3-29 (a) Write the equation for the volt-ampere characteristic of a photodiode. 
(b) Define each symbol in the equation. 

3-30 (a) Sketch the curve of photodiode current as a function of the position of a 
narrow light source from the junction. (6) Explain the shape of the curve. : 

3-31 (a) Define photovoltaic potential. (b) What is its order of magnitude? 
(c) Does it correspond to a forward or a reverse voltage? 

3-32 Explain how to obtain maximum power output from a photovoltaic cell. 

3-33 What is a light-emitting diode? 
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DIODE CIRCUITS 


The p-n junction diode is considered as a circuit element. The concept 
of “load line” is introduced. The piecewise linear diode model is 
exploited in the following applications: clippers (single-ended and 
double-ended), comparators, diode gates, and rectifiers. Half-wave, 
full-wave, bridge, and voltage-doubling rectification are considered. 
Capacitor filters are discussed. 

Throughout this chapter we shall assume that the input wave- 
forms vary slowly enough so that the diode switching times (Sec. 3-10) 
may be neglected. 


4-1 THE DIODE AS A CIRCUIT ELEMENT 


The basic diode circuit, indicated in Fig. 4-1, consists of the device in 
series with a load resistance R;, and an input-signal source v;. This cir- 
cuit is now analyzed to find the instantaneous current 7 and the 
instantaneous diode voltage v, when the instantaneous input voltage 
is v;. 


The Load Line From Kirchhoff’s voltage law (KVL), 
v=o, — tRy (4-1) 


where Bz, is the magnitude of the load resistance. This one equation 
is not sufficient to determine the two unknowns v and 7 in this expres- 
sion. However, a second relation between these two variables is given 
by the static characteristic of the diode (Fig. 3-7). In Fig. 4-2a is 
indicated the simultaneous solution of Eq. (4-1) and the diode char- 
acteristic. The straight line, which is represented by Ey. (4-1), is 
called the load line. The load line passes through the points 7 = 0, 
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Fig. 4-1 The basic diode circuit. The anode (the p 
side) of the diode is marked A, and the cathode (the n 
side) is labeled K. 


v = v,, and? = v;/R1,v = 0, That is, the intercept with the voltage axis is 
v;, and with the current axis is v;/K,. The slope of this line is determined, 
therefore, by Pz; the negative value of the slope is equal to 1/Rr. The point 
of intersection A of the load line and the static curve gives the current 74 
that will flow under these conditions. This construction determines the cur- 
rent in the circuit when the instantaneous input potential is u;. 

A slight complication may arise in drawing the load line because ¢ = 0;/Rz 
is too large to appear on the printed volt-ampere curve supplied by the manu- 
facturer. Under such circumstance choose an arbitrary value of current J’ 
which is on the vertical axis of the printed characteristic. Then the load line 
is drawn through the point P (Fig. 4-2a), where 7 = I’, v = »; — I’Rz, and 
through a second point 7 = 0, v = 2. 


The Dynamic Characteristic Consider now that the input voltage is 
allowed to vary. Then the above procedure must be repeated for each volt- 
age value. A plot of current vs. input voltage, called the dynamic charac- 
teristic, may be obtained as follows: The current t4 is plotted vertically above 
»; at point B in Fig. 4-2b. As v; changes, the slope of the load line does not 


ty 


x 


, 


(a) (b) 


Fig. 4-2. (a) The intersection A of the load line with the diode static characteristic 
gives the current i4 corresponding to an instantaneous input voltage »,. (b) The 
method of constructing the dynamic curve from the static curve and the load line. 
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b Output voltage j 


Fig. 4-3. The method of obtaining the output-voltage wave- 


form from the transfer characteristic for a given input-signal- 
voltage waveform. 


vary since FR, is fixed. Thus, when the applied potential has the value v;, the 
corresponding current is74. This current is plotted vertically above v; at B’. 
The resulting curve OBB’ that is generated as v, varies is the dynamic 
characteristic. 


The Transfer Characteristic The curve which relates the output voltage 
v, to the input »; of any circuit is called the transfer, or transmission, character- 
tstic. Since in Fig. 4-1 v, = iRz, then for this particular circuit the transfer 
curve has the same shape as the dynamic characteristic. 

It must be emphasized that, regardless of the shape of the static volt- 
ampere characteristic or the waveform of the input signal, the resultant output 
waveshape can always be found graphically (at low frequencies) from the 
transfer curve. This construction is illustrated in Fig. 4-8. The input-signal 
waveform (not necessarily triangular) is drawn with its time axis vertically 
downward, so that the voltage axis is horizontal. Suppose that the input 
voltage has the value 2,4 indicated by the point A at aninstant i’. The corre- 
sponding output voltage is obtained by drawing a vertical line through: A 
and noting the voltage v1.4 where this line intersects the transfer curve. This 
value of v, is then plotted (a) at an instant of time equal tod’. Similarly, points 
b, c,d, . . . of the output waveform correspond to points B, C, D, . . . of the 
input-voltage waveform. Note that v, = 0 for»; < V,, so that the diode acts 
as a clipper and a portion of the input signal does not appear at the output. 
Also note the distortion (the deviation from linearity) introduced into the 
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Fig. 4-4 The output circuit of most devices 


Device R, consist of a supply voltage V in series with a load 


resistance Rx. 


output in the neighborhood of v; = Vy because of the nonlinearity in the 
transfer curve in this region. 


4-2 THE LOAD-LINE CONCEPT 


We now show that the use of the load-line construction allows the graphical 
analysis of many circuits involving devices which are much more complicated 
than the p-n diode. The external circuit at the output of almost all devices 
consists of a de (constant) supply voltage V in series with a load resistance 
Az, as indicated in Fig. 4-4. Since KVL applied to this output circuit yields 


v=V—ik, (4-2) 


we once again have a straight-line relationship between output current 7 and 
output (device) voltage v. The load line passes through the point 7 = 0, 
v = V and has aslope equal to —1/Rz, independently of the device characteristics. 
A p-n junction diode or an avalanche diode possesses a single volt-ampere 
characteristic at a given temperature. However, most other devices must be 
described by a family of curves. For example, refer to Fig. 3-21, which gives 
the volt-ampere characteristics of a photodiode, where a separate curve is 
drawn, for each fixed value of light intensity. The load line superimposed 
upon these characteristics corresponds to a 40-V supply and a load resistance 
of 40/800 M= 50 K. Note that, from the intersection of the load line with 
the curve for an intensity L = 3,000 fc, we obtain a photodiode current of 
530 pA and a device voltage of 13.5 V. For L = 2,000 fe, 7 = 320 wA, and 
vy = 24.0 V, etc. ; 

The volt-ampere characteristics of a transistor (which is discussed in the 
following chapter) are similar to those in Fig. 3-21 for the photodiode. How- 
ever, the independent parameter, which is held constant for each curve, is the 
input transistor current instead of light intensity. The output circuit is iden- 
tical with that in Fig. 4-4, and the graphical analysis begins with the construc- 
tion of the load line. 


4-3 THE PIECEWISE LINEAR DIODE MODEL 


If the reverse resistance R, is included in the diode characteristic of Fig. 3-9, 
the piecewise linear and continuous volt-ampere characteristic of Fig. 4-5a is 
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Fig. 4-5 (a) The piece- 
wise linear volt-ampere 
characteristic of a p-n 
diode. (b) The large- 
signal model in the on, or 


> 


forward, direction (anode 
A more positive than V, 
with respect to the cath- 
ode). (c) The model in 
the orr, or reverse, direc- 
tion (v < Vy). 


by 
al 


(a) (b) (e) 


obtained. The diode is a binary device, in the sense that it can exist in only 
one of two possible states; that is, the diode is either on or ofr at a given time. 
If the voltage applied across the diode exceeds the eutin potential V, with the 
anode A (the p side) more positive than the cathode K (the » side), the diode 
is forward-biased and is said to be in the on state. The large-signal model for 
the on state is indicated in Fig. 4-56 as a battery V, in series with the low 
forward resistance R; (of the order of a few tens of ohms or less). Fora reverse 
bias (» < V,) the diode is said to be in its orr state. The large-signal model 
for the orr state is indicated in Fig. 4-5e as a large reverse resistance R, (of 
the order of several hundred kilohms or more). Usually R, is so much larger 
than any other resistance in the diode circuit that this reverse resistance may 
be considered to be infinite. We shall henceforth assume that R, = © , 
unless otherwise stated. 


A Simple Application Consider that in the basic diode circuit of Fig. 4-1 
the input is sinusoidal, so that »,; = V, sin a, where a = ut, w = 2rf, and f is 
the-frequency of the input excitation. Assume that the piecewise linear model 
of Fig. 4-5 (with R, = ©) is valid. The current in the forward direction 
(; > V,) may then be obtained from the equivalent circuit of Fig. 4-6a. 
We have 


-  Vasna— V, 


clad re ee Gy 


fory% = Va sina > V, andi = 0 for»; < V,. This waveform is plotted in 
Fig. 4-6b, where the cutin angle ¢ is given by 


¢ = aresin a (4-4) 


If, for example, V, = 2V,, then ¢ = 30°. For silicon (germanium), 


Vy = 0.6 V (0.2 V), 
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(a) (b) 


Fig. 4-6 (a) The equivalent circuit of a diode D (in the on state) in 
series with a load resistance Ry and a sinusoidal voltage v,;. (6) 
The input waveform 2; and the rectified current 7. 


and hence a cutin angle of 30° is obtained for very small peak sinusoidal 
voltages; 1.2 V (0.4 V) for Si (Ge). On the other hand, if V.. > 10 V, then 
 < 3.5° (1.2°) for Si (Ge) and the cutin angle may be neglected; the diode 
conducts essentially for a full half cycle. Such a rectifier is considered in more 
detail in Sec. 4-8. 

Incidentally, the circuit of Fig. 4-6 may be used to charge a battery from 
an ac supply line. The battery Vz is placed in series with the diode D, and 
R, is adjusted to supply the desired de (average) charging current. The 
instantaneous current is given by Eq. (4-3), with Vaz added to Vy. 


The Break Region The piecewise linear approximation given in Fig. 4-5a 
indicates an abrupt discontinuity in slope at Vy. Actually, the transition 
of the diode from the orF condition to the on state is not abrupt. Therefore 
the waveform transmitted through a clipper or a rectifier will not show an 
abrupt change of attenuation at a break point, but instead there will exist a 
break region, that is, a region over which the slope of the diode characteristic 
changes gradually from a very small to a very large value. We shall now 
estimate the range of voltage of this break region. 

The break point is defined at the voltage V,, where the diode resistance 
changes discontinuously from the very large value R, to the very small value 
R;. Hence, let us arbitrarily define the break region as the voltage change 
over which the diode resistance is multiplied by some large factor, say 100. 
The incremental resistance r = dV/dI = 1,g is, from Eq. (8-13), 


r=y us eV iar (4-5) 


If Vi(V;) is the potential at which r = ri(r2), then 


ry 


ae VeVi 7 (4-6) 
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For ri/rz = 100, AV = V2 — Vy = nVr In 100 = 0.12 V for Ge (7 = 1) and 
0.24 V for Si (y = 2) at room temperature. Note that the break region AV is 
only one- or two-tenths of a volt. If the input signal is large compared with 
this small range, then the piecewise linear volt-ampere approximation and 
models of Fig. 4-5 are valid. 


Analysis of Diode Circuits Using the Piecewise Linear Model Consider 
a circuit containing several diodes, resistors, supply voltages, and sources of 
excitation, A general method of analysis of such a circuit consists in assuming 
(guessing) the state of each diode. For the on state, replace the diode by a 
battery V, in series with a forward resistance Ry, and for the orF state replace 
the diode by the reverse resistance R, (which can usually be taken as infinite), 
as indicated in Fig. 4-5b and c. After the diodes have been replaced by these 
piecewise linear models, the entire circuit is linear and the currents and voltages 
everywhere can be calculated using Kirchhoff’s voltage and current laws. 
The assumption that a diode is on can then be verified by observing the sign 
of the current through it. If the current is in the forward direction (from 
anode to cathode), the diode is indeed on and the initial guess is justified. 
However, if the current is in the reverse direction (from cathode to anode), 
the assumption that the diode is on has been proved incorrect. Under this 
circumstance the analysis must begin again with the diode assumed to be ofr. 

Analogous to the above trial-and-error method, we test the assumption 
that a diode is orr by finding the voltage across it. If this voltage is either 
in the reverse direction or in the forward direction but with a voltage less 
than V,, the diode is indeed orr. However, if the diode voltage is in the 
forward direction and exceeds Vy, the diode must be on and the original 
assumption is incorrect. In this ease the analysis must begin again by assum- 
ing the on state for this diode. 

The above method of analysis will be employed in the study of the diode 
circuits which follows. 


4-4 CLIPPING (LIMITING) CIRCUITS 


Clipping circuits are used to select for transmission that part of an arbitrary 
waveform which lies above or below some reference level. Clipping circuits 
are also referred to as voltage (or current) limiters, amplitude selectors, or 
slicers, 

In the above sense, Fig. 4-1 is a clipping circuit, and input voltages 
below Vy are nof transmitted to the output, as is evident from the waveforms 
of Figs. 4-3 and 4-6. Some of the more commonly employed clipping circuits 
are now to be described. 

Consider the circuit of Fig. 4-7a. Using the piecewise linear model, the 
transfer characteristic of Fig. 4-7b is obtained, as may easily be verified. 
For example, if D is orr, the diode voltage» < V, anda, <V,+ Vr. How- 
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Slope=1 


(8) (a) 


Fig. 4-7 (a) A diode clipping circuit which transmits that-part of the waveform 
more negativethanVn+ Vy. (6) Thepiecewise linear transmission characteristic 
of the circuit. A sinusoidal input and the clipped output are shown. 


ever, if D is ory, there is no current in R and vu. = %. This argument justifies 
the linear portion (with slope unity) of the transmission characteristic extending 
from arbitrary negative values tov = Vr t+ Vy. For »; larger than Ve + Vy, 
the diode conducts, and it behaves as a battery V, in series with a resistance 
Ry, so that increments Av, in the input are attenuated and appear at the output 
as increments Av, = Av;R;/(R; + R). This verifies the linear portion of 
slope R,/(Ry + RB) for 0 > Vat V+ in the transfer curve. Note that the 
transmission characteristic is piecewise linear and continuous and has a break 
point at Ve + Vy. 

Figure 4-7b shows a sinusoidal input signal of amplitude large enough 
so that the signal makes excursions past the break point. The corresponding 
output exhibits a suppression of the positive peak of the signal. If Ry <A, 
this suppression will be very pronounced, and the positive excursion of the 
output will be sharply limited at the voltage Vet Vy. The output will 
appear as though the positive peak had been “clipped off? or ‘sliced off.” 
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Often it turns out that Ve >> Vy, in which case one may consider that Vz 
itself is the limiting reference voltage. 

In Fig. 4-8a the clipping circuit has been modified in that the diode in 
Fig. 4-7a has been reversed. The corresponding piecewise linear representa- 
tion of the transfer characteristic is shown in Fig. 4-86. In this circuit, the 
portion of the waveform more positive than Vp — V, is transmitted without 
attenuation, but the less positive portion is greatly suppressed. 

In Figs. 4-76 and 4-8) we have assumed R, arbitrarily large in comparison 
with R. If this condition does not apply, the transmission characteristics 
must be modified. The portions of these curves which are indicated as having 
unity slope must instead be considered to have a slope £,/(R, + R). 

Ina transmission region of a diode clipping circuit we require that R, > R, 
for example, that R, = kR, where k is a large number. In the attenuation 
region, we require that R >> Ry, for example, that R = kR;. From these two 


equations we deduce that R = VRP, and that k = V R,/R;. On this 


~ Don |< D or —> 


1 
Breakpoint | 
| 


Si ait 
lope= ; a 


Fig. 4-8 (a) A diode clipping circuit which transmits that part of the wave- 
form more positive than Vx — Vy. (b) The piecewise linear transmission 
characteristic of the circuit. A sinusoidal input and the clipped output are 


shown. 
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Fig. 4-9 Four diode clipping circuits. In (a) and (c) the diode appears as a 
shunt element. In (b) and (d) the diode appears as a'series element, Under each 
circuit appears the output waveform (solid) for a sinusoidal input. The clipped 
portion of the input is shown dashed. 


basis we conclude that it is reasonable to select R as the geometrical mean of 
R, and Ry. And we note that the ratio R,/Ry may well serve as a figure of 
merit for diodes used in the present application. 


Additional Clipping Circuits Jigures 4-7 and 4-8 appear again in Fig. 4-9, 
together with variations in which the diodes appear as series elements. If in 
each case a sinusoid is applied at the input, the waveforms at the output will 
appear as shown by the heavy lines. In these output waveforms we have 
neglected V, in comparison with Vz and we have assumed that the break region 
is negligible in comparison with the amplitude of the waveforms. We have 
also assumed that R, >> R >> Ry. In two of these circuits the portion of the 
waveform transmitted is that part which lies below Vg; in the other two the 
portion above Ve is transmitted. In two the diode appears as an element 
in series with the signal lead; in two it appears as a shunt element. The use 
of the diode as a series element has the disadvantage that when the diode is 
orr and it is intended that there be no transmission, fast signals or high- 
frequency waveforms may be transmitted to the output through the diode 
capacitance. The use of the diode as a shunt element has the disadvantage 
that when the diode is open (back-biased) and it is intended that there be 
transmission, the diode capacitance, together with all other capacitance in 
shunt with the output terminals, will round sharp edges of input waveforms 
and attenuate high-frequency signals. A second disadvantage of the use 
of the diode as a shunt element is that in sueh circuits the impedance R, of the 
source which supplies Ve must be kept low. This requirement does not arise 
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in circuits where Vp is in series with R, which is normally large compared with 
R,. 


4-5 CLIPPING AT TWO INDEPENDENT LEVELS 


Diode clippers may be used in pairs to perform double-ended limiting at 
independent levels. A parallel, a series, or a series-parallel arrangement may 
be used. A parallel arrangement is shown in Fig. 4-10a. Figure 4-10b shows 
the piecewise linear and continuous input-output voltage curve for the circuit 
in Fig. 4-10. The transfer curve has two break points, one at», = », = Vri 
and a second atv, = »; = Vr, and has the following characteristics (assuming 
Vro > Ve > Vs and Ry «K RR): 


Input v; Output v, Diode states 
%< Ve. % = Vay D1 on, D2 orr 
Va<u<Vrw % = D1 orr, D2 ovr 


vn = Vre Ve = Vro D1 OFF, D2 on 


U% Up 
i Dion “D1 ore! Di ofr z = 
om 
r D2 oFF ra D2 OFF! D2 on ee 
“i 0 Vax | Veo uj 0 t 
1 1 I 
1 ' 1 
i 1 i 
| : 
i 
I 1 t 
! ! ! A/V 
H 1 1 « R i. 
Di D2 
u%; Up 


(5) (a) 


Fig. 4-10 (a) A double-diode clipper which limits at two independent levels, 
(b) The piecewise linear transfer curve for the circuit in (a). The doubly clipped 
output for a sinusoidal input is shown. 
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Fig, 4-11 (a) A double-ended clipper using avalanche diodes; 
(b) the transfer characteristic. 


The circuit of Fig. 4-10a is referred to as a slicer because the output contains 
a slice of the input between the two reference levels Vai and Vro. 

The circuit is used as a means of converting a sinusoidal waveform into a 
square wave. In this application, to generate a sy mmetrical square wave, 
Vi and Vz are adjusted to be numerically equal but of opposite sign. The 
transfer characteristic passes through the origin under these conditions, and 
the waveform is clipped symmetrically top and bottom. If the amplitude 
of the sinusoidal waveform is very large in comparison with the difference 
in the reference levels, the output waveform will have been squared. 

Two avalanche diodes in series opposing, as indicated in Fig. 4-11a, 
constitute another form of double-ended clipper. If the diodes have identical 
characteristics, a symmetrical limiter is obtained. If the breakdown (Zener) 
voltage is Vz and if the diode cutin voltage is V,, then the transfer character- 
istic of Fig. 4-116 is obtained. 


Catching or Clamping Diodes Consider that »; and R in Fig. 4-10a 
represent Thévenin’s equivalent circuit at the output of a device, such as an 
amplifier. In other words, & is the output resistance and »; is the open- -cireuit 
output signal. In such a situation Dl and D2 are called catching diodes. 
The reason for this terminology should be clear from Fig. 4-12, where we see 


D2 
Vre 
Di Van Fig. 4-12 Catching diodes D1 and D2 limit the out- 
put excursion of the device between Vr, and Vez. 


Device ¥ 


Sec. 4-6 r DIODE CIRCUITS / 99 


that D1 “catches” the output v, and does not allow it to fall below V 2x, whereas 
D2 “catches” v, and does not permit it to rise above Varo. 

Generally, whenever a node becomes connected through a low resistance 
(as through a conducting diode) to some reference voltage Vr, we say that 
the node has been clamped to Vp, since the voltage at that point in the circuit 
is unable to depart appreciably from Vz. In this sense the diodes in Fig, 4-12 
are called clamping diodes. 

A circuit for clamping the extremity of a periodic waveform to a reference 
voltage is considered in Sec. 4-11. 


4-6 COMPARATORS 


The nonlinear circuits which we have used to perform the operation of clipping 
may also be used to perform the operation of comparison. In this case the 
circuits become elements of a comparator system and are usually referred to 
simply as comparators. A comparator circuit is one which may be used to 
mark the instant when an arbitrary waveform attains some reference level. 
The distinction between comparator circuits and the clipping circuits con- 
sidered earlier is that in a comparator there is no interest in reproducing any 
part of the signal waveform. For example, the comparator output may consist 
of an abrupt departure from some quiescent level which occurs at the time the 
signal attains the reference level but is otherwise independent of the signal. 
Or the comparator output may be a sharp pulse which occurs when signal and 
reference are equal. 

The diode cireuit of Fig. 4-18a which we encountered earlier as a clipping 
circuit is used here in a comparator operation. lor the sake of illustration 
the input signal is taken as a ramp. This input crosses the voltage level 
a% = Ve+ V,at time? = 2%; The output remains quiescent at 1 = Ve until 
t = 41, after which it rises with the input signal. 

The device to which the comparator output is applied will respond when 
the comparator voltage has risen to some level V, above Vr. However, the 
precise voltage at which this device responds is subject to some variability 
Av, because of gradual changes which result from aging of components, temper- 
ature changes, etc. As a consequence (as shown in Tig. 4-136) there will be a 
variability At in the precise moment at which this device responds and an 
uncertainty Av; in the input voltage corresponding to At. Furthermore, if 
the device responds in the range Ay, the device will respond not at ¢ = ti, 
but at some later time ft. The situation may be improved by increasing the 
slope of the rising portion of the output waveform v,. If the diode were 
indeed ideal, it would be advantageous to follow the comparator of Fig. 4-13a 
by an amplifier. However, because of the exponential characteristic of a 
physical diode, such an anticipated advantage is not realized.! 

Although an amplifier which follows a diode-resistor comparator does not 
improve the sharpness of the comparator break, an amplifier preceding the 
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Fig. 4-13 (a) A diode comparator; (b) the comparison operation is 
illustrated with a ramp input signal v;, and the corresponding output 
waveform is indicated. 


comparator will do so. Thus, suppose that the input signal to a diode com- 
parator must go through a range Av, to carry the comparator through its 
uncertainty region. Then, if the amplifier has a gain A, the input signal need 
only go through the range Av; A to carry the comparator output through the 
same voltage range. The amplifier must be direct-coupled and must be 
extremely stable against drift due to aging of components, temperature change, 
ete. Such an amplifier is the difference or operational amplifier discussed 
in Sec. 15-2. Comparators are treated in detail in Sec. 16-11. 


4-7 SAMPLING GATE 


An ideal sampling gate is a transmission circuit in which the output is an 
exact reproduction of an input waveform during a selected time interval and 
is zero otherwise. The time interval for transmission is selected by an exter- 
nally impressed signal, called the control, or gating, signal, and is usually ree- 
tangular in shape. These sampling gates are also referred to as transmission 
gates, or time-selection circutts. 

A four-diode sampling gate is indicated in Wig. 4-14a. This circuit has 
the topology of a bridge with the external signal v, applied at node Pi, the 
output v, taken across the load Rz at node P2, and symmetrical control voltages 
+, and —», applied to nodes P; and P, through the control resistors Jt,. 
The rectangularly shaped »,, the sinusoidal v, (it could be of arbitrary wave- 
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shape), and the sampled output v, are drawn in Vig. 4-146. Note that the 
period of », need not be the same as that of vs, although in most practical sys- 
tems the period of v, would equal or be an integral multiple of that of . 

If we assume ideal dicdes with V, = 0, Ry = 0, R, = «, the operation 
of the circuit is easily understood. During the time interval T., when uv, = V,, 
all four diodes conduct and the voltage across each is zero. Hence nodes P, : 
and Ps are at the same potential and », = v; The output is therefore an 
exact replica of the input during the selection time f.. During the time 7,, 
when v, = —V,, all four diodes are nonconducting and the current in R;, is 
zero, So that », = 0. 

We must now justify the statements made in the preceding paragraph 
that during 7, all diodes conduct and during 7’, all diodes are nonconducting, 
Consider the situation when », = —Va, ~v. = +V,, and v= V, = the 
(positive) peak signal voltage. Let us assume that all diodes are reverse- 
biased, so that » = 0, and then justify this assumption (See. 4-3). From 
Fig. 4-14a we see that D1 and D2 are each reverse-biased by V,, that D3 is 
reversc-biased by V, + V,, and that the voltage across D4 (in the forward 
direction) is V, ~ V,. Hence diodes D1, D2, and D8 are orF for any value 
of V, or V, and D4 is orr provided that V, > V., or the minimum value of 
V, is given by 


(Vn) min = JV, (4-7) 


Tn other words, there is a restriction on the control-gate amplitude during the 
nonconducting interval T,; the minimum value of V, just equals the peak 


Fig. 4-14 (a) A four-diode-bridge sampling gate. (b) The control v-, the signal 
¥5, and the output », waveforms. . 
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Fig. 4-15 The diodes in Fig. 4-14 are replaced by short circuits. (a) The currents 
due to V.; (b) the currents due to V.. 


signal voltage V, if we require that all four diodes be nonconducting during 
this interval. . 

Consider now the situation during 7'., when v. = +V., —ve = —Ve, and 
v, = V;. We now assume that all four diodes are on and then determine the 
restriction required upon V, so that each diode current is indeed in the forward 
direction. The current in each diode consists of two components, one due to 
Y, (as indicated in Fig. 14-15a) and the other due to V- (as indicated in Fig. 
14-15b). The current due to V. is V./2K. and is in the forward direction in 
each diode, but the current due to V, is in the reverse direction in D3 (between 
P,; and P) and in D2 (between P,and Ps). The larger reverse current is in 
D3 and equals V./R. + V./2Rr, and hence this quantity must be less than 
V,/2R.. The minimum value of V, is therefore given by 


(Wan = V, ( cs a) (4-8) 


Balance Conditions Assume that », = 0 but that the four diodes are not 
identical in the parameters V, and Ry (which are now no longer taken to be 
zero). Then the bridge will not be balanced and node P, is not at the same 
potential (ground) as Py. Under these circumstances a portion of the rec- 
tangular control waveform appears at the output. In other words, during 
T, the output is v = V3, instead of zero. If now the restriction v, = 0 is 
removed, the sampled portion of the output », in Fig. 4-146 will be raised with 
respect to ground by the voltage vi, and », is said to be “sitting upon a ped- 
estal.’ Fortunately, all four diodes can be fabricated simultaneously on 4 
tiny chip of silicon by integrated-cireuit techniques (Chap. 7), and this ensures 
matched diodes, so that the pedestal is minimized. It must be emphasized 
that even with identical diodes a pedestal will exist in the output if the two 
control waveforms are not balanced (one control signal must be the negative of 
the other). Other sampling circuits which minimize control-signal imbalance 
are possible.’ 
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4-8 RECTIFIERS 


Almost all electronic circuits require a de source of power. For portable low- 
power systems batteries may be used. More frequently, however, electronic 
equipment is energized by a power supply, a piece of equipment which converts 
the alternating waveform from the power lines into an essentially direct voltage. 
The study of ac-to-de conversion is initiated in this section. 


A Half-wave Rectifier A device, such as the semiconductor diode, which 
is capable of converting a sinusoidal input waveform (whose average value is 
zero) into a unidirectional (though not constant) waveform, with a nonzero 
average component, is called a rectifier. The basic circuit for half-wave rectifi- 
cation is shown in Fig. 4-16. Since in a rectifier circuit the input 2; = V,, sin wt 
has a peak value V,, which is very large compared with the cutin voltage V, 
of the diode, we assume in the following discussion that V,=0. (The con- 
dition V, * 0 is treated in See. 4-3, and the current waveform is shown in 
Fig. 4-65.) With the diode idealized to be a resistance R; in the on state and 
an open cireuit in the orr state, the current 7 in the diode or load Fz is given 
by 

t=I, sina wOsta<nr 


(4-9) 
z=0 ifm#<a<2Qr 
where a = wt and 
Y, 
a Vm 4-10 
i Ry+ Rk, ( ) 


The transformer secondary voltage 2; is shown in Fig. 4-166, and the rectified 
ee : 
: a 
j “He Vin 
_ Ac v; 4) R, 0 | 
input | T 2 a=at 
: = 


(6) 


(c) 9 z Qa a 


Fig. 4-16 (a) Basic circuit of half-wave rectifier. (b) Transformer sinusoidal 
secondary voltage uv; (c) Diode and load current 7. 


104 / INTEGRATED ELECTRONICS Sec. 4-8 


current in Fig. 4-16c. Note that the output current is unidirectional. We 
now calculate this nonzero value of the average current. 

A de ammeter is constructed so that the needle deflection indicates the average 
value of the current passing through it. By definition, the average value of a 
periodic function is given by the area of one cycle of the curve divided by the 
base. Expressed mathematically, 


: oe i ae (4-11) 


~ Oe Jo 
For the half-wave circuit under consideration, it follows from Eqs. (4-9) that 


lope ; In 
Tao = x fh In sin « de = og (4-12) 


Note that the upper limit of the integral has been changed from 2m to w since 
the instantaneous current in the interval from a to 27 is zero and so con- 
tributes nothing to the integral. 


The Diode Voltage The de output voltage is clearly given as 
TnRy 
Tv 


Vac = Tah y = (4-13) 
However, the reading of a de voltmeter placed across the diode is not given 
by IgeRy because the diode cannot be modeled as a constant resistance, but 
rather it has two values: Ry in the on state and © in the orr state. 

A. de voltmeter reads the average value of the voltage across ws terminals. 
Hence, to obtain V4, across the diode, the instantaneous voltage must be 
plotted as in Fig. 4-17 and the average value obtained by integration. Thus 


t 
Vic 


Il 


5c (ff Inky sin ada + [™ V sin a da) 


ll 


1 re 
= alts = Vin) = F [Emits a In(Ry + R,)] 


where use has been made of Hq. (4-10). Hence 
_ Infe, 


Vis 7 Ps : (4-14) 
v 
IR; sin « 
0 
7 2a a Fig. 4-17. The voltage across the diode in 


Fig. 4-16. 


Vy, sina 
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This result is negative, which means that if the voltmeter is to read upscale, 
its positive terminal must be connected to the cathode of the diode. From 
Eq. (4-18) the de diode voltage is seen to be equal to the negative of the de 
voltage across the load resistor. This result is evidently correct because the 
sum of the de voltages around the complete cireuit must add up to zero. 


The AC Current (Voltage) A root-mean-square ammeter (volimeter) is 
constructed so that the needle deflection indicates the effective, or rms, current 
(voltage). Such a “square-law” instrument may be of the thermocouple type. 
By definition, the effective or rms value squared of a periodic function of time 
is given by the area of one cycle of the curve, which represents the square of 
the function, divided by the base. Expressed mathematically, 


= 1 2 y2 4 
tag (x hag: da) (4-15) 
By use of Eqs. (4-9), it follows that 


erfel fms oI 
Pag = (= i In? sin a) =-3 (4-16) 
Applying Eq. (4-15) to the sinusoidal tuput voliage, we obtain 
V, 
Vims = —= 4-17 
V2 a) 


Most ac meters are of the rectifier type discussed in Sec. 4-9, instead of being 
true rms reading instruments. 


Regulation The variation of de output voltage as a function of de load 
current is called regulation. The percentage regulation is defined as 


Vo load Vioad 
Vioad 


where no load refers to zero current and load indicates the normal load current. 
For an ideal power supply the output voltage is independent of the load (the 
output current) and the percentage regulation is zero. 

The variation of Va. with Ig. for the half-wave rectifier is obtained as 
follows: From Eqs. (4-12) and (4-10), 


% regulation = xX 100% (4-18) 


=. In = Vif Ss 
eas | (4-19) 
Solving Eq. (4-19) for Vac = Iaek1, we obtain 
Veo = =" — Tuk, | (4-20) 


This result is consistent with the circuit model given in Fig. 4-18 for the 
de voltage and current. Note that the rectifier circuit functions as if it were 
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Fig. 4-18 The Thévenin’s model which 
gives the dc voltage and current for a 
power supply. For the half-wave circuit 
of Fig, 4-16, V = V,,/m and Ro = Ry. 

For the full-wave circuit of Fig. 4-19, 

V = 2V,,/7 and R, = Ry. For the full- 
wave rectifier with a capacitor filter (Sec. 
4-10), Vo = Vn and R, = 1/4fC. 


a constant (open-circuit) voltage source V = V,,/m in series with an effective 
internal resistance (the output resistance) R, = R,. This model shows that 
Vac equals V.,/7 at no load and that the de voltage decreases linearly with an 
increase in de output current. In practice, the resistance F, of the transformer 
secondary is in series with the diode, and in Eq. (4-20) R, should be added to 
Ry. The best method of estimating the diode resistance is to obtain a regula- 
tion plot of Vae versus Ig. in the laboratory. The negative slope of the result- 
ing straight line gives Ry + Ra. 


Thévenin’s Theorem This theorem states that any two-lerminal linear 
network may be replaced by a generator equal to the open-circuit voltage between 
the terminals in series with the output impedance seen at this port. Clearly, 
Fig. 4-18 represents a Thévenin’s model, and hence a rectifier behaves as a 
linear circuit with respect to average current and voltage. 


A Full-wave Rectifier The circuit of a full-wave rectifier is shown in 
Fig. 4-19. This circuit is.seen to comprise two half-wave circuits so con- 
nected that conduction takes place through one diode during one half of the 
power cycle and through the other diode during the second half of the cycle. 

The current to the load, which is the sum of these two currents, has the 
form shown in Fig. 4-19b. The de and rms values of the load current and 
voltage in such a system are readily found to be 

wd 7 an Te. _ 2Laky 


Lae ar Tiems = /2 Vae = (4-21) 


where Im is given by Eq. (4-10) and V,, is the peak transformer secondary volt- 
age from one end to the center tap. Note by comparing Eq. (4-21) with 
Eq. (4-13) that the de output voltage for the full-wave connection is twice 
that for the half-wave circuit. 

From Eqs. (4-10) and (4-21) we find that the de output voltage varies 
with current in the following manner: 


Vag =U — 14h, (4-22) 
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a 


Fig. 4-19 (a) A full-wave rectifier circuit. (b) The individual diode currents and 
the load current 7. The output voltage is vy, = tA. 


This expression leads to Thévenin’s de model of Fig. 4-18, except that the 
internal (open-circuit) supply is V = 2V,,/m instead of V../1. 


Peak Inverse Voltage For each rectifier circuit there is a maximum 
voltage to which the diode can be subjected. This potential is called the peak 
inverse voliage because it occurs during that part of the cycle when the diode 
is nonconducting. From Fig. 4-16 it is clear that, for the half-wave rectifier, 
the peak inverse voltage is V,,. We now show that, for a full-wave circuit, 
twice this value is obtained. At the instant of time when the transformer 
secondary voltage to midpoint is at its peak value Vim, diode Di is conducting 
and D2 is nonconducting. If we apply KVL around the outside loop and 
neglect the small voltage drop across D1, we obtain 2Y,, for the peak inverse 
voltage across D2. Note that this result is obtained without reference to 
the nature of the load, which can be a pure resistance Hz or a conibination 
of Ry, and some reactive elements which may be introduced to ‘‘filter’ the 
ripple. We conclude that, in a full-wave circuit, independenily of the filter used, 
the peak inverse voltage across each diode is twice the maximum transformer 
voltage measured from midpoint to etther end. 


4-9 OTHER FULL-WAVE CIRCUITS 


A variety of other rectifier circuits find extensive use. Among these are the 
bridge circuit, several voltage-doubling circuits, and a number of voltage- 
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Fig. 4-20 Full-wave bridge circuit. 


multiplying circuits. The bridge circuit finds application not only for power 
circuits, but also as a rectifying system in rectifier ac meters for use over a 
fairly wide range of frequencies. 


The Bridge Rectifier The essentials of the bridge circuit are shown in 
Fig. 4-20. To understand the action of this circuit, it is necessary only to 
note that two diodes conduct simultaneously. Tor example, during the por- 
tion of the cycle when the transformer polarity is that indicated in lig. 4-20, 
diodes 1 and 3 are conducting, and current passes from the positive to the 
negative end of the load. The conduction path is shown in the figure. During 
the next half cycle, the transformer voltage reverses its polarity, and diodes 
2 and 4 send current through the load in the same direction as during the 
previous half cycle. 

The principal features of the bridge circuit are the following: The cur- 
rents drawn in both the primary and the secondary of the supply transformer 
are sinusoidal, and therefore a smaller transformer may be used than for the 
full-wave circuit of the same output; # transformer without a center tap is. 
used; and each diode has only transformer voltage across it on the inverse 
cycle. The bridge circuit is thus suitable for high-voltage applications. 


The Rectifier Meter This instrument, illustrated in lig. 4-21, is essen- 
tially a bridge-rectifier system, except that no transformer is required. Instead, 
the voltage to be measured is applied through a multiplier resistor R to two 
corners of the bridge, a de milliammeter being used as an indicating instrument 
across the other two corners. Since the de milliammeter reads average values 
of current, the meter scale is calibrated to give rms values when a sinusoidal 
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Fig. 4-21 The rectifler voltmeter, 


voltage is applied to the input terminals. Asa result, this instrument will not 
read correctly when used with waveforms which contain appreciable harmonics. 


Voltage Multipliers A common voltage-doubling circuit which delivers 
a de voltage approximately equal to twice the transformer maximum voltage 
at no load is shown in Fig. 4-22. This circuit is operated by alternately 
charging each of the two capacitors to the transformer peak voltage Vn, 
current being continually drained from the capacitors through the load. The 
capacitors also act to smooth out the ripple in the output. 

This circuit is characterized by poor regulation unless very large capacitors 
are used. The inverse voltage across the diodes during the nonconducting 
cycle is twice the transformer peak voltage. The action of this circuit will 
be better understood after the capacitor filter is studied, in the following 
section. 


4-10 CAPACITOR FILTERS 


Filtering is frequently effected by shunting the load with a capacitor. The 
action of this system depends upon the fact that the capacitor stores energy 
during the conduction period and delivers this energy to the load during the 
inverse, or nonconducting, period. In this way, the time during which the 
current passes through the load is prolonged, and the ripple is considerably 
decreased. The ripple voltage is defined as the site of the load voltage 
from its average or de value. 


+ 


Fig. 4-22 The bridge voltage-dou- x 
bling circuit. This is the single-phase 

full-wave bridge circuit of Fig. 4-19 

with two capacitors replacing two ai Lah 
diodes. =“¢ 


R, Uo 
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> — : . 
: i (fe } + Fig. 4-23 A half-wave 
F Ac v; vy capacitor-filtered rectifier. 
input R, Cc 


Consider the half-wave capacitive rectifier of Fig. 4-23. Suppose, first, 
that the load resistance #, = o. The capacitor will charge to the potential 
Vm, the transformer maximum value. Turther the capacitor will maintain 
this potential, for no path exists by which this charge is permitted to leak 
off, since the diode will not pass a negative current. The diode resistance is 
infinite in the inverse direction, and no charge can flow during this portion of 
the cycle. Consequently, the filtering action is perfect, and the capacitor 
voltage v. remains constant at its peak value, as is seen in Tig. 4-24. 

The voltage », across the capacitor is, of course, the same as the voltage 
across the load resistor, since the two elements are in parallel. The diode 
voltage v is given by 


v= 0; — Up (4-23) 


We see from Fig. 4-24 that the diode voltage is always negative and that 
the peak inverse voltage is twice the transformer maximum. Hence the 
presence of the capacitor causes the peak inverse voltage to increase from a 
value equal to the transformer maximum when no capacitor filter is used to 
a value equal to twice the transformer maximum value when the filter is used. 

Suppose, now, that the load resistor Ry is finite. Without the capacitor 
input filter, the load current and the load voltage during the conduction period 
will be sinusoidal functions of time. The inclusion of a capacitor in the 
circuit results in the capacitor charging in step with the applied voltage. Also, 
the capacitor must discharge through the load resistor, since the diode will pre- 
vent a current in the negative direction. Clearly, the diode acts as a switch 
which permits charge to flow into the capacitor when the transformer voltage 
exceeds the capacitor voltage, and then acts to disconnect the power source 
when the transformer voltage falls below that of the capacitor. 


Zz — 7 oe Fig. 4-24 Voltages in a half-wave 
rs A Vv, fU; capacitor-filtered rectifier at no 
i * = Z. Zero axis ; load. The output voltage v, is a 


constant, indicating perfect filtering. 
The diode voltage » is negative for 
v= U;— Ue 3. . 
all values of time, and the peak in- 


verse voltage is 2V,,. 


Sec. 4-10 DIODE CIRCUITS / 111 


The analysis now proceeds in two steps. First, the conditions during 
conduction are considered, and then the situation when the diode is non- 
conducting is investigated. 


Diode Conducting If the diode drop is neglected, the transformer volt- 
age is impressed directly across the load. Hence the output voltage is 
vo = Vm sin wi, The question immediatelv arises: Over what interval of 
time is this equation applicable? In other words, over what portion of each 
cycle does the diode remain conducting? The point at which the diode starts 
to conduct is called the cutin point, and that at which it stops conducting is 
called the cutout point. The cutout time ¢; and the cutin time tz are indicated 
in Fig, 4-25, where we observe that the output waveform consists of portions 
of sinusoids (wher the diode is on) joined to exponential segments (when the 
diode is OFF). 

We now calculate the cutout angle by finding the expression for the 
diode current + and then noting when «= 0. When the diode conducts, 
% = Vm sin wt and zis the sum of the load resistor current 7, and the capacitor 
current z7¢. Hence 
Vin 
Ri 


This current is of the form 7 = J, sin (wi + ¥), where 


In = Vina re ++ wl? vy = arctan wR, (4-25) 
L 


The cutout time t is found by setting 7 = 0 at t = t:, which leads to 


: Uy diy _ ! 
t= R, + Car = sin wt -+ wCV,, cos wt (4-24) 


oi =a—y (4-26) 
for the cutout angle wt: in the first cycle. The diode current is indicated in 
Fig. 4-25, 


Equation (4-25) shows that the use of a large capacitance to improve the 
filtering at a given load A, is accompanied by a high-peak diode current Zn. 
For a specified average load current, 7 becomes more peaked and the conduc- 


Cutout point 


Fig. 4-25 Theoretical sketch of 
diode current ¢ and output voltage 
v, ina half-wave capacitor-filtered 
rectifier. 
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tion period decreases as C is made larger. It is to be emphasized that the 
use of a capacitor filter may impose serious restrictions on the diode, since 
the average current may be well within the current rating of the diode, and 
yet the peak current may be excessive. 


Diode Nonconducting In the interval between the cutout time t; and 
the cutin time t:, the diode is effectively out of the circuit, and the capacitor 
discharges through the load resistor with a time constant CR,. Thus the 
capacitor voltage (equal to the load voltage) is 


0 = Ae HOR, (4-27) 


To determine the value of the constant 4, note from Fig. 4-25 that at the 
cutout time f= f1, % =; = V, sin wt. Equation (4-27) thus attains the 
form 

Vo = (Vin Sin why ew CR, (4-28) 


Since t; is known from Eq. (4-26), v, can be plotted as a function of time. 
This exponential curve is indicated in Vig. 4-25, and where it intersects the 
curve V,, sin wt (in the following cycle) is the cutin point ft. The validity 
of this statement follows from the fact that at an instant of time greater than é2, 
the transformer voltage 0; (the sine curve) is greater thun the capacitor voltage 
v, {the exponential curve). Since the diode voltage is v = »; — v, then » will 
be positive beyond ¢ and the diode will become conducting. Thus é, is the 
cutin point. No analytic expression can be given for fz; it must be found 
graphically by the method outlined above. 


Full-wave Circuit Consider a full-wave rectifier with a capacitor filter 
obtained by placing a capacitor C across Rz in Vig. 4-19. The analysis of this 
circuit requires a simple extension of that just made for the half-wave circuit. 
If in Fig. 4-25 a dashed half-sinusoid is added between and 27, the result is 
the dashed full-wave voltage in Fig. 4-26. The cutin point now lies between 
mw and 2x, where the exponential portion of v, intersects this sinusoid. The 
cutout point is the same as that found for the half-wave rectifier. 


we 


Fig. 4-26 The approximate load-voltage waveform », in a full- 
wave capacitor-filtered rectifier. 
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Approximate Analysis It is possible to obtain the de output voltage for 
given values of the parameters w, Rz, C, and V,, from the graphical construc- 
tion indicated in Fig. 4-25. Such an analysis is involved and tedious. Hence 
we now present an approximate solution which is simple and yet sufficiently 
accurate for most engineering applications. 

We assume that the output-voltage waveform of a full-wave circuit with a 
capacitor filter may be represented by the approximately piecewise linear 
~ curve shown in Fig. 4-26. For large values of C (so that wR, > 1) we note 
from Eqs. (4-25) and (4-26) that wly— 7/2 and > Vn at t = ty. Also, 
with C very large, the exponential decay in Eq. (4-28) can be replaced by a 
linear fall. If the total capacitor discharge voltage (the ripple voltage) is 
denoted by V,, then from Jig. 4-26, the average value of the voltage is 
approximately 


(4-29) 


It is necessary, however, to express V, as a function of the load current 
and the capacitance. If 7. represents the total nonconducting time, the 
capacitor, when discharging at the constant rate Jac, will lose an amount of 
charge Ja-T2.. Hence the change in capacitor voltage is Ia-T2/C, or 


= LacTs 
mam) 
The better the filtering action, the smaller will be the conduction time 7; and 


the closer T. will approach the time of half a cycle. Hence we assume that 
T, = T/2 = 1/2f, where f is the fundamental power-line frequency. Then 


V, (4-30) 


V3-= AC (4-81) 
and from Eq. (4-29), 
ee Lac 
Vae = Vn — HC (4-32) 


This result is consistent with Thévenin’s model of Tig. 4-18, with the open- 
circuit voltage V = V,, and the effective output resistance A. = 1/4fC. 

The ripple is seen to vary directly with the load current Jy. and also 
inversely with the capacitance. Hence, to keep the ripple low and to ensure 
good regulation, very large capacitances (of the order of tens of microfarads) 
must be used. The most common type of capacitor for this rectifier applica- 
tion is the electrolytic capacitor. These capacitors are polarized, and care 
must be taken to insert them into the circuit with the terminal marked + to 
the positive side of the output. 

The desirable features of rectifiers employing capacitor input filters are 
the small ripple and the high voltage at light load. The no-load voltage is 
equal, theoretically, to the maximum transformer voltage. The disadvantages 
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of this system are the relatively poor regulation, the high ripple at large loads, 
and the peaked currents that the diodes must pass. 

An approximate analysis similar to that given above applied to the half- 
wave circuit shows that the ripple, and also the drop from no load to a given 
load, are double the values calculated for the full-wave rectifier. 


4-1] ADDITIONAL DIODE CIRCUITS 


Many applications depend upon the semiconductor diode besides those already 
considered in this chapter. We mention four others below. 


Peak Detector The half-wave capacitor-filtered rectifier circuit of Fig. 
4-23 may be used to measure the peak value of an input waveform. Thus, 
for Ri = ©, the capacitor charges to the maximum value Vinx of v;, the 
diode becomes nonconducting, and », remains at Vinax (assuming an ideal 
capacitor with no leakage resistance shunting C). Refer to Fig. 4-24, where 
Vinx = Vm = the peak value of the input sinusoid. Improved peak detector 
circuits are given in Sec. 16-13. 

In an AM radio the amplitude of the high-frequency wave (called the 
carrier) is varied in accordance with the audio information to be transmitted. 
This process is called amplitude modulation, and such an AM waveform is 
illustrated in Fig. 4-27. The audio information is contained in the envelope 
(the locus, shown dashed, of the peal values) of the modulated waveform. 
The process of extracting the audio signal is called detection, or demodulation. 
If the input to Fig. 4-23 is the AM waveform shown in Fig. 4-27, the output 
v is the heavy-weight curve, provided that the time constant F.C is chosen 
properly; that is, LC must be small enough so that, when the envelope decreases 
in magnitude, the voltage across C can fall fast enough to keep in step with 
the envelope, but RiC must not be so small as to introduce excessive ripple. 
The order of magnitude of the frequency of an AM radio carrier is 1,000 kHz, 
and the audio spectrum extends from about 20 Hz to 20kHz. Hence there 
should be at least 50 cycles of the carrier waveform for éach audio cycle. If 
Fig. 4-27 were drawn more realistically (with a much higher ratio of carrier to 
audio frequency), then clearly, the ripple amplitude of the demodulated signal 


Detected audio signal 


Fig. 4-27. An amplitude-modulated wave 
and the detected audio signal. (For ease 
of drawing, the carrier waveform is indi- 
cated triangular instead of sinusoidal and 
of much lower frequency than it realty is, 
relative to the audio frequency.) 


High-frequency carrier 
Envelope containing audio information 
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Average q 


= Va - Vp 
(a) (b) 


Fig. 4-28 (a) A circuit which clamps to the voltage Vz. (b) The 
output voltage v, for a sinusoidal input v;. 


would be very much smaller. This low-amplitude high-frequency ripple in v, 
is easily filtered so that the smoothed detected waveform is an excellent repro- 
duction of the audio signal. The capacitor-rectifier circuit of Fig. 4-23 there- 
fore also acts as an envelope demodulator. 


A Clamping Circuit A function which must be frequently performed with 
a periodic waveform is the establishment of the recurrent positive or negative 
extremity at some constant reference level Ve. Such a clamping circuit is 
indicated in Fig. 4-28a. Assuming an ideal diode, the drop across the device 
is zero in the forward direction. Hence the output cannot rise above Vr 
and is said to be clamped to this level. If the input is sinusoidal with a peak 
value V, and an average value of zero, then, as indicated in Fig. 4-28, the 
output is sinusoidal, with an average value of Ve — Vm. This waveform is 
obtained subject to the following conditions: the diode parameters are Ry = 0, 
R, = ©, and V, = 0; the source impedance FR, = 0; and the time constant 
RC is much larger than the period of the signal. In practice these restrictions 
are not completely satisfied and the clamping is not perfect; the output voltage 
rises slightly above Vr, and the waveshape 1s a somewhat distorted version of 
the input.? 


Digital-computer Circuits Since the diode is a binary device existing in 
either the on or oFF state for a given interval of time, it is a very usual com- 
ponent in digital-computer applications. Such so-called “logic’’ circuits are 
discussed in Chap. 6 in conjunction with transistor binary applications. 


Avalanche-diode Regulator The basic circuit used to decrease voltage 
variations across a load due to variations in output current or supply voltage 
jis given in Fig. 3-17 and discussed in See. 3-11. 
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REVIEW QUESTIONS 


4-1 Explain how to obtain the dynamic characteristic from the static volt- 
ampere curve of a diode. ‘ 

4-2 You are given the V-I output characteristic in graphical form of a new 
device. (a) Sketch the circuit using this device which will require a load-line construc- 
tion to determine 7 and v. (6) Is the load line vertical, horizontal, at 135° or 45° for 
infinite load resistance? (c) For zero load resistance? 

4-3, (a) Draw the piecewise linear volt-ampere characteristic of a p-n diode. 
(b) What is the circuit model for the on state? (c) The orF state? 

4-4 Consider a circuit consisting of a diode D, a resistance &, and a signal source 
v; in series. Define (a) static characteristic; (b) dynamic characteristic; (c) transfer, or 
transmission, characteristic. (d) What is the correlation between (b) and (c)? 

4-5 Consider the circuit of Rev. 4-4 using a silicon diode and a 100-2 resistance. 
(a) Plot approximately the dynamic curve. (0) If the input is v7 = —1 + A sin wi, 
plot the current waveform for A = 1.5, 2.0, and 5.0 V. 

4-6 For the circuit of Rev. 4-4, 0; = Vnsinwt. Jf the diode is represented by its 
piecewise linear model, find the current as a function of time and plot. 

4-7 What is meant by break region of a diodc? 

4-8 In analyzing a circuit containing several diodes by the piecewise linear 
method, you assume (guess) that certain of the diodes are on and others are orr. 
Explain carefully how you determine whether or not the assumed state of each diode is 
correct. 

4-9 Consider a series circuit consisting of a diode D, a resistance R, a reference 
battery Ve, and an input signal »;. The output is taken across R and Vz in series. 
Draw the transfer characteristic if the anode of D is connected to the positive terminal 
of the battery. Use the piecewise linear diode model. 

4-10 Repeat Rev. 4-9 with the anode of D connected to the negative terminal of 
the battery. 

4-11 If», is sinusoidal and D is ideal (with R; = 0, V, = 0, and R, = ©), find 
the output waveforms in (a) Rev. 4-9 and (b) Rev. 4-10. 

4-12. Sketch the circuit of a double-ended clipper using ideal p-n diodes which 
limit the output between +10 V. ; 

4-13, Repeat Rev. 4-12 using avalanche diodes. 

4-14 (a) What is a comparator circuit? (b) How does such a circuit differ from a 
clipping circuit? 

4-15. (a) What is a sampling gate? (b) Sketch the circuit of a four-diode sampling 
gate. 

4-16 Define in words and as an equation (a) de current Ig; (b) de voltage V ae} 
(c) ac current Irma 

4-17 (a) Sketch the circuit for a full-wave rectifier. (b) Derive the expression 
for (1) the de current; (2) the de load voltage; (3) the de diode voltage; (4) the rms 
current. 
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4-18 (a) Define regulation. (b) Derive the regulation equation for a full-wave 
circuit. 

4-19 Draw the Thévenin’s model for a full-wave rectifier. 

4-20 (a) Define peak inverse voltage. (b) What is the peak inverse voltage for a 
full-wave circuit using ideal diodes? (¢) Repeat part 6 for a half-wave rectifier. 

4-21. Sketch the circuit of a bridge rectifier and explain its operation. 

4-22 Repeat Rev. 4-21 for a rectifier meter circuit. 

A-23 Repeat Rev. 4-21 for a voltage multiplier. 

4-24 (a) Draw the circuit of a half-wave capacitive rectifier. (6) At no load 
draw the steady-state voltage across the capacitor and also across the diode. 

4-25 (a) Draw the circuit of a full-wave capacitive rectifier. (6) Draw the output 
voltage under load. Indicate over what period of time the diode conducts. Make no 
calculations. (c) Indicate the diode current waveform superimposed upon the output. 
waveform. 

4-26 For the circuit of Rev. 4-25, derive the expression for (a) the diode current; 
(b) the cutout angle. (c) How is the cutin angle found? 

4-27 (a) Consider a full-wave capacitor rectifier using a large capacitance C. 
Sketch the approximate output waveform. (6) Derive the expression for the peak 
ripple voltage. (c) Derive the Thévenin’s model for this rectifier. 

4-28 For a full-wave capacitor rectifier circuit, list (@) two advantages; (6) three 
disadvantages. 

4-29 Describe (a) amplitude modulation and (6) detection. 


TRANSISTOR CHARACTERISTICS 


The physical behavior of a semiconductor triode, called a bipolar 
junction transistor (BJT), is given. The volt-ampere characteristics 
of this device are studied. It is demonstrated that the transistor is 
capable of producing amplification. Analytical expressions relating 
the transistor currents with the junction voltages are indicated. Typi- 
cal voltage values are given, for the several possible modes of operation. 


5-1 THE JUNCTION TRANSISTOR? 


A junction transistor consists of a silicon (or germanium) crystal in 
which a layer of n-type silicon is sandwiched between two lavers of 
p-type silicon. Alternatively, a transistor may consist of a layer of 
p-type between two layers of n-type material. In the former case 
the transistor is referred to as a p-n-p transistor, and in the latter case, 
as an 7-p-n transistor. The semiconductor sandwich is extremely 
small, and is hermetically sealed against moisture inside a metal or 
plastic ease. Manufacturing techniques and constructional details for 
several transistor types are described in Sec. 5-4. 

The two types of transistor are represented in Fig. 5-la. The 
representations employed when transistors are used as circuit elements 
are shown in Fig. 5-1b. The three portions of a transistor are known 
as emttter, base, and collector. The arrow on the emitter lead specifies 
the direction of current flow when the emitter-base junction is biased 
in the forward direction. In both cases, however, the emitter, base, 
and collector currents, Jz, Iz, and I¢, respectively, are assumed posi- 
tive when the currents flow into the transistor. The symbols Vez, 
Ves, and Vez are the emitter-base, collector-base, and colleetor-emitter 
voltages, respectively. (More specifically, Vze represents the voltage 
drop from emitter to base.) 
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Emitter Base Collector 


(a) 
Emitter | 7 Vee + ! Collector 
+ : : + 
Ven Ves 
p-n-p type (®) n-p-ntype 


Fig. 5-1 (a) A p-n-p and an n-p-n transistor, The emitter (col- 
tector) junction is Jz(Jc). (b) Circuit representation of the two 


transistor types. 


Open-circuited Transistor If no external biasing voltages are applied, 
all transistor currents must be zero. The potential barriers at the junctions 
adjust to the contact difference of potential V.—given in Eq. (2-63) (a few 
tenths of a volt)—required so that no free carriers cross each junction. If we 
assume a completely symmetrical junction (emitter and collector regions hav- 
ing identical physical dimensions and doping concentrations), the barrier height 
is identical at the emitter junction Jz and at the collector junction Jc, as 
indicated in Fig. 5-2a. ‘The narrow space-charge regions at the Junctions have 
been neglected. 

Under open-circuited conditions, the minority concentration is constant 
within each section and is equal to its thermal-equilibrium value, n». in the 
p-type emitter and collector regions and p,. in the n-type base, as shown in 
Fig. 5-2b. Since the transistor may be looked upon as a p-n diode followed by 
an n-p diode, much of the theory developed in the preceding chapters for the 
junction diode will be used to explain the physical behavior of the transistor, 


Potential, V Minority-carrier 
; 


concentration 
Pro 
p-type | y "type p-type a en ey oe ae eee, 
emitter _¥ base collector | 
J, oe (p-type) YJ, (n-type) J, (p-type) 
(a) (b) 


Fig. 5-2. (a) The potential and (b) the minority-carrier density in each section 
of an open-circuited symmetrical p-n-p transistor, 
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when voltages are applied so as to disturb it from the equilibrium situation 
pictured in Fig. 5-2. 


The Transistor Biased in the Active Region We may now begin to 
appreciate the essential features of a transistor as an active circuit element by 
considering the situation depicted in Fig. 5-3a. Here a p-n-p transistor is 
shown with voltage sources which serve to bias the emitter-base junction in 
the forward direction and the collector-base junction in the reverse direction. 
The potential variation through the biased transistor is indicated in Fig. 5-30. 
The dashed curve applies to the case before the application of external biasing 
voltages (Fig. 5-2a), and the solid curve to the case after the biasing voltages 
are applied. The externally applied voltages appear, essentially, across the 
junctions. Hence, as shown in Fig. 5-3b, the forward biasing of the emitter 
junction lowers the emitter-base potential barrier by |Vzs|, whereas the reverse 
biasing of the collector junction increases the collector-base potential barrier 
by |Ves|. The lowering of the emitter-base barrier permits minority-carrier 
injection; that is, holes are injected into the base, and electrons are injected 
into the emitter region. The excess holes diffuse across the n-type base, 


1, Emitter Collector Io 
E rea 


= Minority-carrier 


4 concentration 
- Voc 
(a) p-type n-type p-type 
emitter base collector 
Vv 
[eBee width Mca P, 


Collector 
junction 
barrier 
Vz + | Vogl 


p-type n-type p-type 
emitter base collector 


Je Ie 
(6) (c} 


Fig. 5-3 (a) A p-n-p transistor biased in the active region (the emitter is for- 
ward-biased and the collector is reverse-biased), (b) The potential variation 
through the transistor. The narrow depletion regions at the junctions are negligi- 
bly small. (c) The minority-carrier concentration in each section of the tran- 
sistor. lH is assumed that the emitter is much more heavily doped than the base. 
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where the electric field intensity & is zero, to the collector junction. At Jc 
the field is positive and large (6 = —dV/dx > 0), and hence holes are accel- 
erated across this junction. In other words, the holes which reach J¢ fall 
down the potential barrier, and are therefore collected by the collector. Since 
the applied potential across Jc is negative, then from the law of the junction, 
Eq. (3-4), pa is reduced to zero at the collector as shown in Fig. 5-3c. Simi- 
larly, the reverse collector-junction bias reduces the collector electron density 
Np to zero at Jc. The minority-carrier-density curves pictured in Fig. 5-3¢ 
should be compared with the corresponding concentration plots for the for- 
ward- and reverse-biased p-n junction given in Fig. 3-14. 


5-2 TRANSISTOR CURRENT COMPONENTS 


In Fig. 5-4 we show the various current components which flow across the 
forward-biased emitter junction and the reverse-biased collector junction. 
The emitter current Jz consists of hole current Zz (holes crossing from emitter 
into base) and electron current J,z (electrons crossing from base into the 
emitter). The ratio of hole to electron currents, Ipz/Inz, crossing the emitter 
junction is proportional to the ratio of the conductivity of the p material 
to that of the » material. In a commercial transistor the doping of the 
emitter is made much larger than the doping of the base. This feature ensures 
(in a p-n-p transistor) that the emitter current consists almost entirely of holes. 


+= +) - 
I 


Ves Vea 


Fig. 5-4 Transistor current components for a forward-biased emitter junction 
and a reversed-biased collector junction. If a current has a subscript p(n), it 
consists of holes (electrons) moving in the same (opposite) direction as the 
arrow indicating the current direction. 
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Such a situation is desirable since the current which results from electrons 
crossing the emitter junction from base to emitter does not contribute carriers 
which can reach the collector. 

We assume low-level injection, and hence (Sec, 2-11) the minority current 
I nx is the hole diffusion current into base and its magnitude is proportional to 
the slope at Jz of the p, curve [Eq. (2-36)]. Similarly, 7,2 is the electron 
diffusion current into the emitter, and its magnitude is proportional to the 
slope at Jz of the n»curve. Note that Jz and J,x correspond to the minority- 
earrier diffusion currents J,,(0) and J,,(0), respectively, in Fig. 3-4 for the 
currents crossing a p-n junction. Just as the total current crossing the junc- 
tion in Fig. 3-4is J = I,(0) + I,,(0), so the total emitter current in Fig. 5-4 is 


Is =TIpe t+ Inez (5-1) 


All currents in this equation are positive for a p-n-p transistor. 

Not all the holes crossing the emitter junction Jz reach the collector 
junction Jc, because some of them combine with the electrons in the n-type 
base. In Fig. 5-4, let Jpc1 represent the hole current at Je as a result of holes 
crossing the base from the emitter. Hence there must be a bulk recombination 
hole current Iz — Ipc: leaving the base, as indicated in Fig. 5-4 (actually, 
electrons enter the base region from the external circuit through the base lead 
to supply those charges which have been lost by recombination with the holes 
injected into the base across Jz). 

Consider, for the moment, an open-cireuited emitter, while the collector 
junction remains reverse-biased. Then J¢ must equal the reverse saturation 
current Ico of the back-biased diode at Jc. This reverse current consists of 
two components, as shown in Fig. 5-4, I,co consisting of electrons moving 
from the p to the n region across J¢ and a term, Isco, resulting from holes 
crossing from » to p across Je. 


—Ico = lico + Inco (5-2) 


(The minus sign is chosen arbitrarily so that I¢ and Ico will have the same 
sign.) 
Since Zz = 0 under open-circuit conditions, no holes are injected across 
Jz, and henee none can reach Je from the emitter. Clearly, Ipco results 
from the small concentration of holes generated thermally within the base. 
Now let us return to the situation depicted in Fig. 5-4, where the emitter 
is forward-biased so that 


le = Ico — Ipex = Teo — el zg ; (5-3) 


where a is defined as the fraction of the total emitter current [given in Eq. 
(5-1)] which represents holes which have traveled from the emitter across the 
base to the collector. For a p-n-p transistor, Ig is positive and both Ic and 
Ico are negative, which means that the current in the collector lead is in the 
direction opposite to that indicated by the arrow of Ic in Fig. 5-4. For an 
n-p-n transistor these currents are reversed. 
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The electron current crossing. J¢ is Inco and represents electrons diffusing 
from the collector into the base (and hence a positive current from the base 
into the collector), and its magnitude is proportional to the slope at Jc of the 
M, distribution in Fig. 5-3c. The total diffusion hole current crossing Jc 
from the base is 


Inc = Tye. + Inco (5-4) 


and its magnitude is proportional to the slope at Je of the p, distribution in 
Fig. 5-38c. 


Large-signal Current Gain a From Eq. (5-3) it follows that a may be 
defined as the ratio of the negative of the collector-current increment from 
cutoff (Ie = Ico) to the emitter-current change from cutoff (Iz = 0), or 


_Io— Teo 


lg —0 (5-5) 


a= 
Alpha is called thé large-signal current gain of a common-base transistor. 
Since I¢ and Iz have opposite signs (for either a p-n-p or an n~p-n transistor), 
then a, as defined, is always positive. Typical numerical values of @ lie in 
the range 0.90 to 0.995. It should be pointed out that @ is not a constant, 
but varies with emitter current Jz, collector voltage Vez, and temperature. 


A Generalized Transistor Equation Equation (5-3) is valid only in the 
active region, that is, if the emitter is forward-biased and the collector is 
reverse-biased. For this mode of operation the collector current is essentially 
independent of collector voltage and depends only upon the emitter current. 
Suppose now that we seek to generalize Eq. (5-3) so that it may apply not only 
when the collector junction is substantially reverse-biased, but also for any 
voltage across Jc. To achieve this generalization we need only replace Ig¢g by 
the current in a p-n diode (that consisting of the base and collector regions). 
This current is given by the volt-ampere relationship of Eq. (3-7), with J, 
replaced by —Ico and V by Ve, where the symbol Vo represents the drop 
across Jc from the p to the n side. The complete expression for Ze for any 
Ve and Is is 


Ie = —alz + Teo = eVclVr) (5-6) 


Note that if Vc is negative and has a magnitude large compared with Vz, 
Eq. (5-6) reduces to Eq. (5-3). The physical interpretation of Eq. (5-6) is 
that the p-n junction diode current crossing the collector junction is aug- 
mented by the fraction a of the current Zz flowing in the emitter. This 
relationship is derived in Sec. 19-14 by evaluating quantitatively the various 
current components introduced above. 

The similarity between Eq. (5-6) and Eq. (3-34) for the photodiode should 
be noted. Both equations represent the volt-ampere characteristics of a 
reverse-biased diode (with reverse saturation current Ig = Igo) subjected to 
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external excitation. In the case of the photodiode, the external stimulus is 
radiation, which injects minority carriers into the semiconductor, resulting in 
the current J,. This component of current, which is proportional to the light 
intensity, augments the current from the simple p-n junction diode. Similarly, 
for the transistor, the collector-base diode current is increased by the term 
—alz, which is proportional to the “external excitation,” namely, the emitter 
current resulting from the voltage applied between emitter and base. 


5-3 THE TRANSISTOR AS AN AMPLIFIER 


A load resistor Ry is in series with the collector supply voltage Vec of Fig. 
5-3a. A small voltage change AV; between emitter and base causes a rela- 
tively large emitter-current change Alz. We define by the symbol o’ that 
fraction of this current change which is collected and passes through Rz, or 
Alc = a’ Alg. The change in output voltage across the load resistor 


AV, = —R, Ale — —a'’R, Alz 


may be many times the change in input voltage AV; Under these circum- 
stances, the voltage amplification A = AV,/AV; will be greater than unity, 
and the transistor acts as an amplifier. If the dynamic resistance of the 
emitter junction is 7-, then AV; = r, AIz, and 

a’ R, Alg a’ Ri 


AS Te Alg = Te Gea 


From Eq. (38-14), re = 26/72, where fg is the quiescent emitter current in milli- 
amperes. For example, ifr. = 40 2, a’ = —i, and R, = 3,000 0, A = +75. 
This calculation is oversimplified, but in essence it is correct and gives a physi- 
cal explanation of why the transistor acts as an amplifier. The transistor pro- 
vides power gain as well as voltage or current amplification. From the fore- 
going explanation it is clear that current in the low-resistance input circuit is 
transferred to the high-resistance output circuit. The word ‘‘transistor,” 
which originated as a contraction of “transfer resistor,’’ is based upon the 
above physical picture of the device. 


The Parameter a’ The parameter a’ introduced above is defined as the 
ratio of the change in the collector current to the change in the emitter current 
at constant collector-to-base voltage and is called the negative of the small-signal 
short-circuit current transfer ratio, or gain. - More specifically, 

, . Ale 
See 5-8 
FS ATG lis Oe) 
On the assumption that @ is independent of Jz, then from Eq. (5-3) it follows 
that e’ = —a. 
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35-4 TRANSISTOR CONSTRUCTION 


Four basic techniques have been developed for the manufacture of diodes, 
transistors, and other semiconductor devices. Consequently, such devices 
may be classified? into one of the following types: grown, alloy, diffusion, or 
epitaxial. 


Grown Type The n-p-n grown-junction transistor is illustrated in Fig. 
5-5a. It is made by drawing a single crystal from a melt of silicon or ger- 
manium whose impurity concentration is changed during the crystal-drawing 
operation by adding n- or p-type atoms as required. 


Alloy Type This technique, also called the fused construction, is illus- 
trated in Fig. 5-5 for a p-n-p transistor. The center (base) section is a thin 
wafer of n-type material. Two small dots of indium are attached to opposite 
sides of the wafer, and the whole structure is raised for a short time to a high 
temperature, above the melting point of indium but below that of germanium. 
The indium dissolves the germanium beneath it and forms a saturation solu- 
tion. On cooling, the germanium in contact with the base material reerystal- 
lizes, with enough indium concentration to change it from n to p type. The 
collector is made larger than the emitter, so that the collector subtends a large 
angle as viewed from the emitter. Because of this geometrical arrangement, 
very little emitter current follows a diffusion path which carries it to the base 
rather than to the collector. 


Diffusion Type This technique consists of subjecting a semiconductor 
wafer to gaseous diffusions of both n- and p-type impurities to form both the 
emitter and the collector junctions. A planar silicon transistor of the diffusion 
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Fig. 5-5 Construction of transistors. (a) Grown, (b) alloy, and (c) 
diffused planar types. (The dimensions are approximate, and the 
figures are not drawn to scale.) 
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type is Ulustrated in Fig. 5-5c. In this process (described in greater detail in 
Chap. 7 on integrated-circuit fabrication), the base-collector junction area is 
determined by a diffusion mask. The emitter is then diffused on the base 
through a different mask. A thin layer of silicon dioxide is grown over the 
entire surface and photoetched, so that aluminum contacts can be made for 
the emitter and base leads (Fig. 5-5c). Because of the passivating action of 
this oxide layer, most surface problems are avoided and very low leakage 
currents result. There is also an improvement in the current gain at low 
currents and in the noise figure. 


Epitaxial Type The epitaxial technique (Sec. 7-2) consists of growing 
a very thin, high-purity, single-crystal layer of silicon or germanium on a 
heavily doped substrate of the same material. This augmented crystal forms 
the collector on which the base and emitter may be diffused (Fig. 7-6). 

The foregoing techniques may be combined to form a large number of 
methods for constructing transistors. For example, there are diffused-alloy 
types, grown-diffused devices, alloy-emilter—epitaxial-base transistors, etc. ‘The 
special features of transistors of importance at high frequencies are discussed 
in Chap. 11. The volt-ampere characteristics at low frequencies of all types 
of junction transistors are essentially the same, and the discussion to follow 
applies to them all. 

Finally, because of its historical significance, let us mention the first type 
of transistor to be invented. This device consists of two sharply pointed 
tungsten wires pressed against a semiconductor wafer. However, the relia- 
bility and reproducibility of such point-contact transistors are very poor, and 
as a result these transistors are no longer of practical importance. 


5-5 THE COMMON-BASE CONFIGURATION 


In Fig. 5-3a, a p-n-p transistor is shown in a grounded-base configuration. This 
circuit is also referred to as a common-base, or CB, configuration, since the base 
is common to the input and output circuits. For a p-n-p transistor the largest 
current components are due to holes. Since holes flow from the emitter to the 
collector and down toward ground out of the base terminal, then, referring to 
the polarity conventions of Fig. 5-1, we see that Jz is positive, Jc is negative, 
and J, is negative. For a forward-biased emitter junction, Vzz is positive, 
and for a reverse-biased collector junction, J’cz is negative. For an n-p-n 
transistor all current and voltage polarities are the negative of those for a 
p-n-p transistor. : 

From Eg. (5-6) we see that the output (collector) current I¢ is completely 
determined by the input (emitter) current Jz and the output (collector-to-base) 
voltage Ver = Vc. This output relationship may be written in implicit form 
as 

Ie = o2(Ves, Iz) : (5-9) 


(This equation is read ‘‘I¢ is some function ¢2 of Veg and Lz.’’) 
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Collector-to-base voltage dropVe,, V 


Similarly, if we continue to choose Veg and Jz as independent variables, 
the input (emitter-to-base) voltage Vzz is completely determined from these 
two variables. In implicit form the input characteristic is given by 


Vee = ¢1(Ven, Tz) (5-10) 


The relation of Eq. (5-9) is given in Fig. 5-6 for a typical p-n-p germanium 
transistor and is a plot of collector current J¢ versus collector-to-base voltage 
drop Ves, with emitter current Ig as a parameter. The curves of lig. 5-6 
are known as the output, or collector, static characteristics. The relation of 
Eq. (5-10) is given in Fig. 5-7 for the same transistor, and is a plot of emitter- 
to-base voltage Ven versus emitter current Iz, with collector-to-base voltage 
Vox as a parameter. This set of curves is referred to as the input, or emitter, 
statte characteristics. We digress now to discuss a phenomenon which is used 
to account for the shapes of the transistor characteristics. 
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The Early Effect, or Base-width Modulation’ In Fig. 5-3 the narrow 
space-charge regions in the neighborhood of the junctions are neglected. 
This restriction is now to be removed. Trom Eq. (3-21) we note that the 
width W of the depletion region of a diode increases with the magnitude of 
the reverse voltage. Since the emitter junction is forward-biased but the 
collector junction is reverse-biased in the active region, then in Tig. 5-8 the 
barrier width at Jz is negligible compared with the space-charge with W at Je. 

The transition region at a junction is the region of uncovered charges 
on both sides of the junction at the positions occupied by the impurity atoms. 
As the voltage applied across the junction increases, the transition region 
penetrates deeper into the collector and base. Because neutrality of charge 
must be maintained, the number of uncovered charges on each side remains 
equal. Since the doping in the base is ordinarily substantially smaller than 
that of the collector, the penetration of the transition region into the base is 
much larger than into the collector. Hence the collector depletion region is 
neglected in ig. 5-8, and all the immobile charge is indicated in the base region. 

If the metallurgical base width is Wp, then the effective electrical base 
width is W, = Wa — W. This modulation of the effective base width by 
the collector voltage is known as the Early effect. The decrease in W’, with 
inereasing reverse collector voltage has three consequences: First, there is less’ 
chance for recombination within the base region, Hence a increases with 
increasing |Veg|. Second, the concentration gradient of minority carriers pr 
is increased within the base, as indicated in Fig. 5-8b. Note that p, becomes 
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Fig. 5-8 (a) The potential variation through a p-n-p tran- 
sistor, The space-charge width W at the collector junction 
increases, and hence the effective base width W 4 decreases 
with increasing |Ves|. (Compare with Fig. 5-3.) (b) The 
injected minority-carrier charge density within the base. 
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zero at the distance d (between W}, and Wp), where the potential with respect 
to the base falls below V,. At this distance the effective applied potential 
becomes negative, and the law of the junction, Eq. (3-4), yields p, = 0. 
Since the hole current injected across the emitter is proportional to the gradient 
of p, at Jz, then Jz increases with increasing reverse collector voltage. Third, 
for extremely large voltages, Wi, may be reduced to zero, aS in Fig. 5-24, 
causing voltage breakdown in the transistor. This phenomenon of punch- 
through is discussed further in Sec. 5-13. 


The Input Characteristics A qualitative understanding of the form of 
the input and output characteristics is not difficult if we consider the fact that 
the transistor consists of two diodes placed in series ‘‘back to back” (with the 
two cathodes connected together). In the active region the input diode 
({emitter-to-base) is biased in the forward direction. The input characteristics 
of Fig. 5-7 represent simply the forward characteristic of the emitter-to-base 
diode for various collector voltages. A noteworthy feature of the input char- 
acteristics is that there exists a culin, offset, or threshold, voltage Vy below 
which the emitter current is very small. In general, V, is approximately 0.1 V 
for germanium transistors (Fig. 5-7) and 0.5 V for silicon. 

The shape of the input characteristics can be understood if we consider 
the fact that an increase in magnitude of collector voltage will, by the Early 
effeet, cause the emitter current to increase, with Ves held constant. Thus 
the curves shift downward as |Vcp| increases, as noted in Fig. 5-7. The curve 
with the collector open represents the characteristic of the forward-biased 
emitter diode, 


The Output Characteristics Note, as in Vig. 5-6, that it is customary 
to plot along the abscissa and to the right that polarity of Vey, which reverse- 
biases the collector junetion even if this polarity is negative. If Iz = 0, the 
collector current is I¢ = Ico. For other values of Iz, the output-diode reverse 
current is augmented by the fraction of the input-diode forward current which 
reaches the collector. Note also that I¢ and Ico are negative for a p-n-p 
transistor and positive for an n~p-n transistor. 


Active Region In this region the collector junction is biased in the reverse 
direction and the emitter junction in the forward direction. Consider first that 
the emitter current is zero. Then the collector current is small and equals 
the reversé saturation current Ico (microamperes for germanium and nano- 
amperes for silicon) of the collector junction considered as a diode. Suppose 
now that a forward emitter current Iz is caused to flow in the-emitter circuit. 
Then a fraction — alg of this current will reach the collector, and I¢ is therefore 
given by Eq. (5-3). In the active region, the collector current is essentially 
independent of collector voltage and depends only upon the emitter current. 
However, because of the Early effect, we note in Fig, 5-6 that there actually is 
a small (perhaps 0.5 percent) increase in |J¢| with |Ves|. Because « is less 
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than, but almost equal to, unity, the magnitude of the collector current is 
(slightly) less than that of the emitter current. 


Saturation Region The region to the left of the ordinate, Veg = 0, and 
above the Iz = 0 characteristics, in which both emitter and collector junctions 
are forward-biased, is called the saturation region. We say that “bottoming” 
has taken place because the voltage has fallen near the bottom of the charac- 
teristic where Veg ~ 0. Actually, Ver is slightly positive (for a p-n-p tran- 
sistor) in this region, and this forward biasing of the collector accounts for the 
large change in collector current with small changes in collector voltage. For 
a forward bias, I¢ increases exponentially with voltage according to the diode 
relationship [Eq. (3-9)]. A forward bias means that the collector » material 
is made positive with respect to the base n side, and hence that hole current 
flows from the p side across the collector junction to the n material. This 
hole flow corresponds to a positive change in collector current. Hence the 
collector current increases rapidly, and as indicated in Fig. 5-6, Jc may even 
become positive if the forward bias is sufficiently large. 


Cutoff Region The characteristic for Jz = 0 passes through the origin, 
but is otherwise similar to the other characteristics. This characteristic is 
not coincident with the voltage axis, though the separation is difficult to show 
because Ic¢g is only a few nanoamperes or microamperes. The region below 
the Jz = 0 characteristic, for which the emitter and collector junctions are both 
reverse-biased, is referred to as the cudoff region. The temperature character- 
istics of Ico are discussed in Sec. 5-7. 


5-6 THE COMMON-EMITTER CONFIGURATION 


Most transistor circuits have the emitter, rather than the base, as the terminal 
common to both input and output. Such a common-emitier (CE), or grounded- 
emiier, configuration is indicated in Fig. 5-9. In the common-emitter (as in 
the common-base) configuration, the input current and the output voltage 
are taken as the independent variables, whereas the input voltage and output 


Fig. 5-9 A transistor common-emitter con- 
figuration. The symbol Vcc is a positive 
number representing the magnitude of the 
supply voltage. 
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current are the dependent variables. We may write 
Vax = filVeu, In) (5-11) 
Ie = fo(Vex, Is) (5-12) 


Equation (5-11) describes the family of input characteristic curves, and 
Eq. (5-12) describes the family of output characteristic curves. Typical out- 
put and input characteristic curves for a p-n-p junction germanium transistor 
are given in Figs. 5-10 and 5-11, respectively. In Fig. 5-10 the abscissa is the 
collector-to-emitter voltage Veu, the ordinate is the collector current Ie, and 
the curves are given for various values of base current Is. For a fixed value 
of Zz, the collector current is not a very sensitive value of Vex. However, 
the slopes of the curves of Fig. 5-10 are larger than in the common-base charac- 
teristics of Fig. 5-6. Observe also that the base current is much smaller than 
the emitter current. 

The locus of all points at which the collector dissipation is 150 mW is indi- 
cated in Fig. 5-10 by a solid line Pe = 150 mW. This curve is the hyperbola 
Po = Veale ~ Vexlc = coustant. To the right of this curve the rated col- 
lector dissipation is exceeded. In Fig. 5-10 we have selected Rr = 500 Q and 
a supply Vcc = 10 V and have superimposed the corresponding load line 
on the output characteristics. The method of constructing a load line is 
identical with that explained in Sec. 4-2 in connection with a diode. 


The Input Characteristics In Fig. 5-11 the abscissa is the base current Iz, 
the ordinate is the base-to-emitter voltage Vex, and the curves are given for 
various values of collector-to-emitter voltage Vcz. We observe that, with the 
collector shorted to the emitter and the emitter forward-biased, the input char- 
acteristic is essentially that of a forward-biased diode. If Vez becomes zero, 
then Iy will be zero, since under these conditions both emitter and collector 
junctions will be short-circuited. In general, increasing | V¢g| with constant 
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Varn causes a decrease in base width W', (Fig. 5-8) and results in a decreasing 
recombination base current. These considerations account for the shape of 
input characteristics shown in Fig. 5-11. 

The input characteristics for silicon transistors are similar in form to those 
in Fig. 5-11. The only notable difference in the case of silicon is that the curves 
break away from zero current in the range 0.5 to 0.6 V, rather than in the 
range 0.1 to 0.2 V as for germanium. 


The Output Characteristics This family of curves may be divided into 
three regions, just as was done for the CB configuration. The first of these, 
the active region, is discussed here, and the culoff and saluration regions are 

‘ considered in the next two sections. 

In the active region the collector junction 1s reverse-biased and the emitter 
junction is forward-biased In Fig. 5-10 the active region is the area to the 
right of the ordinate Vez = afew tenths of a volt and above Jz = 0. In this 
region the transistor output current responds most sensitively to an input 
signal. If the transistor is to be used as an amplifying device without appreci- 
able distortion, it must be restricted to operate in this region. 

The common-emitter characteristics in the active region are readily under- 
stood qualitatively on the basis of our carlier discussion of the common-base 
configuration. From Kirehhoff’s current law (KCL) applied to Fig. 5-9, the 
base current is 


Ip = —Ue + Tx) (5-13) 


Combining this equation with Eq. (5-8), we find 


er ee (5-14) 


l-—a l-e 
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If we define 8 by 


a 


f= R= (5-15) 
then Eq. (5-14) becomes 
Te = (1+ B)Ico + Alp (5-16) 


Note that usually I > Ico, and hence I¢ ~ BI in the active region. 

If « were truly constant, then, according to Eq. (5-14), I¢ would be inde- 
pendent of Vor and the curves of ig. 5-10 would be horizontal. Assume that, 
because of the Early effect, a increases by only one-half of 1 percent, from 
0.98 to 0.985, as |Vox| increases from a few volts to 10 V. Then the value 
of 8 increases from 0.98,'(1 — 0.98) = 49 to 0.985, (1 — 0.985) = 66, or about 
34 percent. This numerical example illustrates that a very small change 
(0.5 percent) in o is reflected in a very large change (34 percent) in the value 
of 8. It should also be clear that a slight change in @ has a large effect on B, 
and hence upon the common-emitter curves. Therefore the ecommon-emitter 
characteristics are normally subject to a wide variation even among transis- 
tors of a given type. This variability is caused by the faet that Jp is the 
difference between large and nearly equal currents, Ig and I. 


—_——-———Ka 


EXAMPLE (a) Find the transistor currents in the circuit of Fig. 5-12. A silicon 
transistor with 8 = 100 and Ico = 20nA = 2 x 10-5 mA is under consideration. 
(6) Repeat part a if a 2-K emitter resistor is added to the circuit, as in Fig, 5-120, 


Solution a. Since the base is forward-biased, the transistor is not cut off. Hence 
it must be either in its active region or in saturation. Assume that the transistor 
operates in the active region. From KVL applied to the base circuit of Fig. 


Fig. 5-12 An example illustrating how to determine whether or 
Or not a transistor is operating in the active region. 
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5-12a (with Ig expressed in milliamperes), we have 
—5 + 20075 + Vaz = 0 
As noted above, a reasonable value for Vaz is 0.7 V in the action region, and hence 
5 — 0.7 
200 


Since Ienp & Iz, then Ic ~ Ble = 2.15 mA. 

We must now justify our assumption that the transistor is in the active region, 
by verifying that the collector junction is reverse-biased. From KVL applied to 
the collector circuit we obtain 


—10 + 8Ile+ Ver + Voz =0 


= 0.0215 mA 


B 


or 
Ves = —(8)(2.15) + 10 — 0.7 = +2.85 V 


For an n-p-n device a positive value of Vcs represents a reverse-biased collector 
junction, and hence the transistor is indeed in its active region. 

Note that Ip and Ic in the active region are independent of the collector 
circuit resistance R,. Hence, if R, is increased sufficiently above 3 K, then Ves 
changes from a positive to a negative value, indicating that the transistor is no 
longer in its active region. The method of calculating Iz and Ic when the transis- 
tor is in saturation is given in Sec. 5-9. 


b. The current in the emitter resistor of Fig. 5-12b is 
Ip +Ie = Is + Ble = 101 Ia, 
assuming Ico KI. Applying KVL to the base circuit yields 


—5 + 200% + 0.7 + (2)(101 Is) = 0 
or 
a> 0.0107 mA Ic = 100 Tn = 1.07 mA 


Note that Ico = 2 X 10°°mA I, as assumed. 
To check for active circuit operation, we calculate Vex. Thus 


Ves = —3Ic + 10 = (2)(101 Iz) — 0.65 
= —(8)(1.07) + 10 — (2)(101) (0.0107) — 0.7 = +3.93 V 


Since Vea is positive, this (n-p-n) transistor is in its active region. 


a 
5-7 THE CE CUTOFF REGION 
We might be inclined to think that cutoff in Fig. 5-10 occurs at the intersec- 


tion of the load line with the current Zs; = 0; however, we now find that 
appreciable collector current, may exist under these conditions. From Eqs. 
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(5-13) and (5-14), if J, = 0, then Ig = —J¢ and 


Io = —Ig = poe = Iczo (5-17) 


The actual collector current with collector Junction reverse-biased and base 
open-circuited is designated by the symbol Tego. Since, even in the neighbor- 
hood of cutoff, @ may be as large as 0.9 for germanium, then Ig = 10 co at 
zero base current. Accordingly, in order to cut off the transistor, it is not 
enough to reduce 7s to zero. Instead, it is necessary to reverse-bias the 
emitter junction slightly. We shall define cutoff as the condition where the col- 
lector current is equal to the reverse saturation current I¢o and the emitter cur- 
rent is zero. It is found (Sec. 19-15) that a reverse-biasing voltage of the 
order of 0.1 V established across the emitter Junction will ordinarily be ade- 
quate to cut off a germanium transistor. In silicon, at collector currents of 
the order of Ico, @& is very nearly zero because of recombination®® in the 
emitter-junction transition region. Hence, even with Ip = 0, we find, from 
Eq. (5-17), that Ze = Igg = —TIz, so that the transistor is still very close to 
cutoff. We verify in Sec. 19-15 that, in silicon, cutoff occurs at Vez ~ 0 V 
corresponding to a base short-circuited to the emitter. In summary, cutoff 
means that Ig = 0, Ic = Ico, In = —Ig = —Ico, and Vag is a reverse voltage 
whose magnitude is of the order of 0.1 V for germanium and 0 V for a silicon 
transistor. 


The Reverse Collector Saturation Current Zeszq The collector current in 
a physical transistor (a real, nonidealized, or commercial device) when the 
emitter current is zero is designated by the symbol Jeno. Two factors cooper- 
ate to make |Zcego{ larger than [Ico]. First, there exists a leakage current 
which flows, not through the Junction, but around it and across the surfaces. 
The leakage current is proportional to the voltage across the junction. The 
second reason why |Jezo| exceeds |Jco| is that new carriers may be generated 
by collision in the collector-junction transition region, leading to avalanche 
multiplication of current and eventual breakdown. But even before break- 
down is approached, this multiplication component of current may attain con- 
siderable proportions. 

At 25°C, Ieno for a germanium trausistor whose power dissipation is in 
the range of some hundreds of milliwatts is of the order of microamperes. 
Under similar conditions a silicon transistor has an Tego in the range of nano- 
amperes. The temperature sensitivity of Teno is the same as that of the reverse 
saturation current Ig of a p-n diode (Sec. 3-5). Specifically, it is founds 
that Icso approximately doubles for every 10°C increase in temperature for 
both Ge and Si. However, because of the iower absolute value of Tezo in 
silicon, these transistors may be used up to about 200°C, whereas germanium 
transistors are limited to about 100°C. 

In addition to the variability of reverse saturation current with tempera- 
ture, there is also a wide variability of reverse current among samples of a 
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Fig. 5-13 Reverse biasing of the 
emitter junction to maintain the tran- 
sistor in cutoff in the presence of the 
reverse saturation current Ico 
through Rs. 


given transistor type. [or example, the specification sheet for a Texas Instru- 
ment type 2N337 grown-diffused silicon switehing transistor indicates that this 
type number includes units with values of Io extending over the tremendous 
range from 0.2 nA to 0.3 pA. Accordingly, any particular transistor may 
have an Ieno which differs very considerably from the average characteristic 
for the type. 


Circuit Considerations at Cutoff Because of temperature effects, ava- 
lanche multiplication, and the wide variability encountered from sample to 
sample of a particular transistor type, even silicon may have values of Iczo 
of the order of many tens of microamperes. Consider the circuit configuration 
of Fig. 5-13, where Vzz represents a biasing voltage intended to keep the tran- 
sistor cutoff, Assume that the transistor is just at the point of cutoff, with 


Iz = 0, so that In = —Iczo. Tf we require that at cutoff Ver ~ —0.1 V, 
then the condition of cutoff requires that 
Vez = —Veet Relcso < —O.1V (5-18) 


As an extreme example consider that Rp is, say, as large as 100 I< and that 
we want to allow for the contingency that Igno may become as large as 100 pA. 
Then Vgs must be at least 10.1 V. When Icso is small, the magnitude of the 
voltage across the base-emitter junction will be 10.1 V. Hence we must use 
a transistor whose maximum allowable reverse base-to-emitter junction volt- 
age before breakdown exceeds 10 V. Itis with this contingency in mind that 
a manufacturer supplies a rating for the reverse breakdown. voltage between 
emitter and base, represented by the symbol BVzzo. The subscript O indi- 
cates that BVzao is measured under the condition that the collector current is 
zero. Breakdown voltages BVero may be as high as some tens of volts or as 
low as0.5V. If BVsso = 1 V, then Vaz must be chosen to have a maximum. 
value of 1 V. 


5-8 THE CE SATURATION REGION 


In the saturation region the collector junction (as well as the emitler junction) 
is forward-biased by at least the cutin vollage. Since the voltage Vex (or Vie) 
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across a forward-biased junction has a magnitude of only a few tenths of a 
volt, the Vez = Vaz — Vac is also only a few tenths of a volt at saturation. 
Hence, in Fig. 5-10, the saturation region is very close to the zero-voltage axis, 
where all the curves merge and fall rapidly toward the origin. A load line 
has been superimposed on the characteristics of Fig. 5-10 corresponding to a 
resistance PR; = 500 2 and a supply voltage of 10 V. We note that in the 
saturation region the collector current is approximately independent of base 
current, for given values of Veg and R;. Hence we may consider that the onset 
of saturation takes place at the knee of the transistor curves in Fig. 5-10. Satu- 
ration occurs for the given load line at a base current of —0.17 mA, and at this 
point the collector voltage is too small to be read in Fig. 5-10. In saturation, 
the collector current is nominally Ve¢/R,, and since R; is small, it may well 
be necessary to keep Vee correspondingly small in order to stay within the 
limitations imposed by the transistor on maximum current and dissipation. 

We are not able to read the collector-to-emitter saturation voltage, 
Vor.ea, with any precision from the plots of Fig. 5-10. We refer instead to 
the characteristics shown in Fig. 5-14. In these characteristics the 0- to 
—0.5-V region of Fig. 5-10 has been expanded, and we have superimposed the 
same load line as before, corresponding to Ry = 500 2. We observe from 
Figs. 5-10 and 5-14 that Vez and I¢ no longer respond appreciably to base 
current Ig, after the base current has attained the value —0.15 mA. At this 
current the transistor enters saturation. For Ig = —0.15 mA, [Ves| ~ 
W5mV. Atle = —0.35 mA, |Veal has dropped to [Vea| ~ 100 mV. Larger 
magnitudes of Jy will, of course, decrease |Vcz| slightly further. 


Saturation Resistance For a transistor operating in the saturation 
region, a quantity of interest is the ratio Versat/Lc. This parameter is 
called the common-emitler saturation resistance, variously abbreviated Res, 
Rers, or Regs. To specify Res properly, we must indicate the operating 
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point at which it was determined. For example, from Fig. 5-14, we find that, 
at Ig = —20 mA and Ip = —0.35 mA, Res ~ —0.1/(—20 X J0-%) = 5 Q 
The usefulness of Res stems from the fact, as appears in Fig. 5-14, that to the 
left of the knee each of the plots, for fixed Ip, may be approximated, at least 
roughly, by a straight line. 


The Base-spreading Resistance rx Recalling that the base region is 
very thin (Fig. 5-5), we see that the current which enters the base region across 
the emitter junction must flow through a long narrow path to reach the base 
terminal. The cross-sectional area for current flow in the collector (or emitter) 
is very much larger than in the base. Hence, usually the ohmic resistance of 
the base is very much larger than that of the collector or emitter. The de 
ohmic base resistance, designated by rw, is called the base-spreading resistance 
and is of the order of magnitude of 100 Q. 


The Temperature Coefficient of the Saturation Voltages Since both 
junctions are forward-biased, a reasonable value for the temperature coefficient 
of either Vez.sat OF Vacisat IS —2.5 mV/°C. In saturation the transistor con- 
sists of two forward-biased diodes back to back in series opposing. Hence 
it is to be anticipated that the temperature-induced voltage change in one 
junction will be canceled by the change in the other junction. We do indeed 
find such to be the case for Voz,sat, Whose temperature coefficient is about 
one-tenth that of Vaz,sat- 


The DC Current Gain hrs A transistor parameter of interest is the ratio 
Te/Is, where Ic is the collector current and Iz is the base current. This 
quantity is designated by Bae or Ars, and is known as the (negative of the) 
de beta, the de forward current transfer raéio, or the de current gain. 
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In the saturation region, the parameter hrz is a useful number and one 
which is usually supplied by the manufacturer when a switching transistor is 
involved. We know |Jcl, which is given approximately by Vec/Rz, and a 
knowledge of hrg tells us the minimum base current (/c/hrz) which will be 
needed to saturate the transistor. For the type 2N404, the variation of hrz 
with collector current at a low value of Vcz is as given in Fig. 5-15. Note the 
wide spread (a ratio of 3:1) in the value which may be obtained for hrs even 
for a transistor of a particular type. Commercially available transistors have 
values of irs that cover the range from 10 to 150 at collector currents as 
small as 5 mA and as large as 80 A. 


5-9 TYPICAL TRANSISTOR—JUNCTION YOLTAGE VALUES 


The characteristics plotted in Fig. 5-16 of output current Jc as a function of 
input voltage Vez for n-p-n germanium and silicon transistors are quite 
instructive and indicate the several regions of operation for a CE transistor 
circuit. The numerical values indicated are typical values obtained experi- 
mentally or from the theoretical equations of the following section. (The 
calculations are made in Sec. 19-15.) Let us examine the various portions of 
the transfer curves of Fig. 5-16. 


The Cutoff Region Cutoff is defined, as in Sec. 5-5, to mean Jy = 0 and 
Ic = Ico, and it is found that a reverse bias Vexz,cutete = 0.1 V (0 V) will cut off a 
germanium (silicon) transistor. 

What happens if a larger reverse voltage than Vezeutotr is applied? It 
turns out that if Vg is negative and much larger than V7, that the collector 
current falls slightly below Ico and that the emitter current reverses but remains 
small in magnitude (less than J¢o). 


Short-circuited Base Suppose that, instead of reverse-biasing the emitter 
junction, we connect the base to the emitter so that Vg = Vez = 0. As indi- 
cated in Fig. 5-16, Jc = Iczs does not increase greatly over its cutoff value Ico. 


Open-circuited Base If instead of a shorted base we allow the base to 
“float” so that Iz = 0, we obtain the Ic = Icgo given in Eq. (5-17). At low 
currents a ~ 0.9 (0) for Ge (Si), and hence I¢ = 10%co(Ico) for Ge (Si). 
The values of Vez calculated for this open-base condition (ic = —Ig) are a 
few tens of millivolts of forward bias, as indicated in Tig. 5-16. 


The Cutin Voltage The volt-ampere characteristic between base and 
emitter at constant collector-to-emitter voltage (Fig. 5-11) is not unlike the 
volt-ampere characteristic of a simple junction diode. When the emitter 
junction is reverse-biased, the base current is very small, being of the order 
of nanoamperes or microamperes, for silicon and germanium, respectively. 
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Fig. 5-16 Plots of collector current against base-to-emitter voltage for (a) 


germanium and (6) silicon n-p-n transistors. (I¢ is not drawn to scale.) 


Sec. 5-9 TRANSISTOR CHARACTERISTICS / 141 


When the emitter junction is forward-biased, again, as in the simple diode, no 
appreciable base current flows until the emitter junction has been forward- 
biased to the extent where |Vpz| > |V,|, where V, is called the cutin voltage. 
Since the collector current is nominally proportional to the base current, no 
appreciable collector current will-flow until an appreciable base current flows. 
Therefore a plot of collector current against base-to-emitter voltage will 
exhibit a cutin voltage, just as does the simple diode. 

In principle, a transistor is in its active region whenever the base-to- 
emitter voltage is on the forward-biasing side of the cutoff voltage, which 
occurs at a reverse voltage of 0.1 V for germanium and 0 V for silicon. In 
effect, however, a transistor enters its active region when Vaz > V4. 

We may estimate the cutin voltage V, by assuming that Vaz = V, when 
the collector current reaches, say, 1 percent of the maximum (saturation) 
current in the CE circuit of Fig. 5-9. Typical values of V, are 0.1 V for 
germanium and 0.5 V for silicon. 

Figure 5-17 shows plots, for several temperatures, of the collector current 
as a function of the base-to-emitter voltage at constant collector-to-emitter 
voltage for «1 typical silicon transistor. We see that a value for V, of the 
order of 0.5 Vat room temperature is entirely reasonable. The temperature 
dependence results from the temperature coefficient of the emitter-junction 
diode. Therefore the lateral shift of the plots with change in temperature 
and the change with temperature of the cutin voltage V, are approximately 
—2.5 mV/°C [Eq. (3-12)]. 


Saturation Voltages Manufacturers specify saturation values of input 
and output voltages in a number of different ways, in addition to supplying 
characteristic curves such as Figs. 5-11 and 5-14. lor example, they may 
specify Res for several values of Is or they may supply curves of Versa. and 
Vezsot aS functions of Iz and I¢.° The saturation voltages depend not only 
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on the operating point, but also on the semiconductor material (germanium or 
silicon) and on the type of transistor construction. Typical values of satura- 
tion voltages are indicated in Table 5-1. 


TABLE 5-1 Typical n-p-n transistor-junction voltages at 25°C 


Vesteutin = Vy| Vaz.eatott 


0.5 0 
0.1 1 


0. 
—0. 


t The temperature variation of these voltages is discussed in Secs. 5-8 and 5-9. 


Summary The voltages referred to above and indicated in Fig. 5-16 are 
summarized in Table 5-1. The entries in the table are appropriate for an 
n-p-n transistor. For a p-n-p transistor the signs of all entries should be 
reversed. Observe that the total range of Vgz between cutin and saturation 
is rather small, being only 0.8 V. The voltage Vazactive has been located 
somewhat arbitrarily, but nonetheless reasonably, near the midpoint of the 
active region in Fig. 5-16. 

Of course, particular cases will depart from the estimates of Table 5-1. 
But it is unlikely that the numbers will be found in error by more than 0.1 V. 


EXAMPLE (a) The circuits of Fig. 5-12a and 6 are modified by changing the 
base-circuit resistance from 200 to 50 K (as indicated in Fig. 5-18). Ifhrz = 100, 
determine whether or not the silicon transistor is in saturation and find J and Ic. 
(b) Repeat with the 2K emitter resistance added. 


Fig. 5-18 An example illustrating how to determine whether or not a tran- 


sistor is operating in the saturation region. 


Sec. 5-10 TRANSISTOR CHARACTERISTICS / 143 


Solution Assume that the transistor is in saturation. Using the values 
Voer.cot 20d Vor, in Table 5-1, the circuit of Fig. 5-180 is obtained. Applying 
KVL to the base circuit gives 


—5+ 50fg4+08=0 
or 


Ip = = = 0.084 mA 
50 


Applying KVL to the collector circuit yields 


—-10+3ie+02=0 
or 


Ic = = = 3.27 mA 


The minimum value of base current required for saturation is 


Ie _ 3.27 
Is) min = ——- = —— = 0.033 mA 
(a)mia = Fe 100 5 


Since Ip = 0.084 > Is.min = 0.033 mA, we have verified that the transistor is in 
saturation. 

b. If the 2-K emitter resistance is added, the circuit becomes that in Fig. 
5-183. Assume that the transistor is in saturation. Applying KVL to the base 
and collector circuits, we obtain 


—54+ 5072+ 0.8+ 2 (c+ Js) = 0 
—104-312¢4+0.242(Ue+]s) =0 

If these simultaneous equations are solved for J¢ and Iz, we obtain 
I¢ = 1.95mA Ip = 0.0055 mA 


Since (Is)min = Ic/hrz = 0.0195 mA > Ip = 0.0055, the transistor is not in 
saturation. Hence the device must be operating in the active region. Proceeding 
exactly as we did for the circuit of Fig, 5-126 (but with the 200 K replaced by 50 K), 
we obtain 


Io = 1.71 mA Ip = 0.0171 mA = 17 pA Veg = 0.72 V 


eT 


5-10 COMMON-EMITTER CURRENT GAIN 
Three different definitions of current gain appear in the literature. The 
interrelationships between these are now to be found. 

Large-signal Current Gain 8 We define 6 in terms of a by Inq. (5-15). 
From Kq. (5-16), with Ico replaced by Icao, we find 


—_ Ie —Lezo_ 
as Pe me o?) 
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In Sec. 5-7 we define culoff to mean that Iz = 0, Te = Teno, and Ip = —Ieno. 
Consequently, Eq. (5-19) gives the ratio of the collector-current increment to 
the base-current change from cutoff to Ig, and hence represents the (negative 
of the) large-signal current gain of a common-emiiter transistor. This parameter 
is of primary importance in connection with the biasing and stability of tran- 
sistor circuits, as discussed in Chap. 9. 


DC Current Gain Arg In Sec. 5-8 we define the de current gain by 
I 
Bac = 7 =h)er (5-20) 
B 


In that section it is noted that Arz is most uscful in connection with deter- 
mining whether or not a transistor is in saturation. In general, the base 
current (and hence the collector current) is large compared with Zeno. Under 
these conditions the large-signal and the de betas are approximately equal; 
then hpg & B. 


Small-signal Current Gain hy, We define @’ as the ratio of a colleetor- 
current increment A/¢ for a small base-current change AJ» (at a given quiescent 
operating point, at a fixed collector-to-emitter voltage Veg), or 


f= = hye (5-21) 


Clearly, 8’ is (the negative of) the small-signal current gain. If 6 were inde- 
pendent of current, we see from Eq. (5-20) that 6’ = 6 ~ hye. However, 
Fig. 5-15 indicates that 8 is a function of current, and differentiating Eq. 
(5-16) with respect to Ic gives (with Igo = Teno) 


LT 
1 = (evo + In) sp + 8 af (5-22) 


The small-signal CE gain f’ is used in the analysis of small-signal amplifier 
circuits and is designated by hy. in Chap. 8. Using Eq. (5-21), and with 
B’ = hy. and B = Arg, Eq. (5-22) becomes 


leg 2 
We = gs To Olea OTe) ee 


Since hpz versus I¢ given in Fig. 5-15 shows a maximum, hy. 1s larger than hpz 
for small currents (to the left of the maximum) and hy. is smaller than hyg for 
currents larger than that corresponding to the maximum. Over most of the 
wide current range in Fig. 5-14, hye differs from hrz by less than 20 percent. 

It should be emphasized that Eq. (5-23) is valid in the active region only. 
From Fig. 5-14 we see that h;,--> 0 in the saturation region because Alc > 0 
for a small increment Alg. 
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Fig. 5-19 The transistor common:collector 
configuration. 


5-11 THE COMMON-COLLECTOR CONFIGURATION 


Another transistor-circuit configuration, shown in Fig. 5-19, is known as the 
common-collector configuration. The circuit is basically the same as the cir- 
cuit of Fig. 5-9, with the exception that the load resistor is in the emitter 
lead rather than in the collector circuit. If we continue to specify the oper- 
ation of the circuit in terms of the currents which flow, the operation for the 
common-collector is much the same as for the common-emitter configuration. 
When the base current is co, the emitter current will be zero, and no current 
will flow in the load. As the transistor is brought out of this back-biased 
condition by increasing the magnitude of the base current, the transistor will 
pass through the active region and eventually reach saturation. In this condi- 
tion all the supply voltage, except for a very small drop across the transistor, 
will appear across the load. 


5-12 ANALYTICAL EXPRESSIONS FOR 
TRANSISTOR CHARACTERISTICS 


The dependence of the currents in a transistor upon the junction voltages, or 
vice versa, may be obtained by starting with Eq. (5-6), repeated here for 
convenience: 


Ie = —aylg — Ieo(eVolVr 7 1) (5-24) 


We have added the subscript N to @ to indicate that we are using the tran- 
sistor in the normal manner. We must recognize, however, that there is no 
essential reason which constrains us from using a transistor in an inverted 
fashion, that is, interchanging the roles of the emitter junction and the col- 
lector junction. J*rom a practical point of view, such an arrangement might 
not be as effective as the normal mode of operation, but this matter does not 
concern us now. With this inverted mode of operation in mind, we may now 
write, in correspondence with Eq. (5-24), 


Iz = -—ayle == Igo(e¥s!¥r = 1) (5-25) 
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Here az is the inverted common-base current gain, just as ay in Eq. (5-24) is 
the current gain in normal operation. Jo is the emitter-junction reverse satu- 
ration current, and Vz is the voltage drop from p side to n side at the emitter 
junction and is positive for a forward-biased emitter. 

Equations (5-24) and (5-25) were derived in a heuristic manner. A 
physical analysis of the transistor currents by Ebers and Moll’ verifies these 
equations (Sec. 19-13). This quantitative study reveals that the parameters 
ay, ar, Ico, and Igo are not independent, but are related by the condition 


alco = anl zo (5-26) 


Manufacturer’s data sheets often provide information about ay, Ico, and Igo, 
so that a may be determined. For many transistors Igo lies in the range 
0.5I¢o to Teo. 

Since the sum of the three currents must be zero, the base current is 
given by 


Ip = —(gz + Ie) (5-27) 


If three of the four parameters ay, az, Ico, and Igo are known, the equa~- 
tions in this section allow calculations of the three currents for given values 
of junction voltages Vc and Vz. Explicit expressions for J¢ and Ig in terms 
of Ve and Vz are found in Sec. 19-13. 

In the literature, ap (reversed alpha) and ar (forward alpha) are sometimes 
used in place of a; and aw, respectively. 


Reference Polarities The symbol Vc(Vz) represents the drop across the 
collector (emitter) junction and is positive if the junction is forward-biased. 
The reference directions for currents and voltages are indicated in Fig. 5-20. 
Since Veg represents the voltage drop from collector-to-base terminals, then 
Vee differs from Ve by the ohmic drop in the base-spreading resistance 7's, or 


Ver = Vo — Into (5-28) 


The Ebers-Moll Model Equations (5-24) and (5-25) have a simple inter- 
pretation in terms of a circuit known as the Hbers-Moll model.’ .This model is 
shown in Fig. 5-21 for a p-n-p transistor. We see that it involves two ideal 
diodes placed back to back with reverse saturation currents ~Zzo and —Ico 
and two dependent current-controlled current sources shunting the ideal 
diodes. Tor a p-n-p transistor, both Ico and Izo are negative, so that —I¢o 
and —Jgo are positive values, giving the magnitudes of the reverse saturation 
currents of the diodes. The current sources account for the minority-carrier 
transport across the base. An application of KCL to the collector node of 
Fig. 5-21 gives 


I¢ = —aylg + T= —aylg -+ Lye" el Vr = 1) 
where the diode current J is given by Eq. (8-9). Since 7, is the magnitude 
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Fig. 5-20 Defining the voltages and currents used in the Ebers-Moll equations. 
For either a p-n-p or an n-p-n transistor, a positive value of current means that 
positive charge flows into the junction and a positive Ve(Vc) means that the 
emitter (collector) junction is forward-biased (the p side positive with respect 
to the n side). 


of the reverse saturation, then J, = —Igo. Substituting this value of J, into 
the preceding equation for I¢ yields Eq. (5-24). 

This model is valid for both forward and reverse static voltages applied 
across the transistor junctions. It should be noted that we have omitted the 
base-spreading resistance from Fig. 5-20 and have neglected the difference 
between Jezo and Ico. 

Observe from Fig. 5-21 that the dependent current sources can be elimi- 
nated from this figure provided ey = a; = 0. For example, by making the 
base width much larger than the diffusion length of minority carriers in the 
base, all minority carriers will recombine in the base and none will survive to 
reach the collector. For this case the current gain & will be zero. Under 
these conditions, transistor action ceases, and we simply have two diodes 
placed back to back. This discussion shows why it is impossible to construct 
a transistor by simply connecting two separate (isolated) diodes in series 
opposing. A’‘cascade of two p-n diodes exhibits transistor properties (for 


aI andy 


Fig. 5-21 The Ebers- 
Moll model for a p-n-p 
transistor, 
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example, it is capable of amplification) only if carriers injected across one 
junction diffuse across the second junction. 


Voltages as Functions of Currents We may solve explicitly for the 
junction voltages in terms of the currents from Eqs. (5-24) and (5-25), with 
the result that 


Ve = Vein ¢ — ep ate) (5-29) 
EO 

Ve = Verln ¢ = fe outt) (5-30) 
co 


We now derive the analytic expression for the common-emitter charac- 
teristics of Fig. 5-10. The abscissa in this figure is the collector-to-emitter 
voltage Voz = Vz — Ve for an n-p-n transistor and is Veg = Ve — Ve fora 
p-n-p transistor (remember that Ve and Vz are positive at the p side of the 
junction). Hence the common-emitter charactcristies are found by subtract- 
ing Eqs. (5-29) and (5-30) and by eliminating Jg by the use of Eq. (5-27). 
The resulting equation can be simplified provided that the following inequali- 
ties are valid: Ig >> Izo and Ip >> Ico/an. After some manipulations and by 
the use of Eqs. (5-15) and (5-26), we obtain (except for very small values of Iz) 


ay tele 
Vee = tVrin alee! _ (5-31) 
{ See ee 
BIg 
where 
es and B~y=@=—-% (5-82) 


Note that the + sign in Eq. (5-31) is used for an v-p-n transistor, and the 
— sign for a p-n-p device. Tor a p-n-p germanium-type transistor, at J¢ = 0, 
Ver = —Vr In (1;ez), so that the common-emitter characteristics do not pass 
through the origin. lor ar = 0.78 and Vr = 0.026 V, we have Vez = —6mV 
at room temperature. This voltage is so small that the curves of Fig. 5-10 
look as if they pass through the origin, but they are actually denaces to the 
right by a few millivolts. 

If Z¢ is inereased, then Veg rises only slightly until TejPs. approaches £. 
For example, even for I¢/I; = 0.98 = 90 (for 8 = 100), 

1/0. és + 90/3.5 


ehh By 5 
Ver = 0.026 In - _—09 0.15 V 


This voltage can barely be detected at the scale to which lig. 5-10 is drawn, 
and hence near the origin it appears as if the curves rise vertically. However, 
note that lig. 5-14 confirms that a voltage of the order of 0.2 V is required for 
Ic to reach 0.9 of its maximum value. 

The maximum value of Ic, In is 6, and as this value of I¢/Iz is approached, 
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Fig. 5-22 The common- 
emitter output characteris- 
tic for a p-n-p transistor as 
obtained analytically. 


0.101502 08 O04 05 
1 oe 
Vr In — 0.006 — Vee, V 
ar 


Ver — —. Hence, as Ic/Ig increases from 0.98 to 8, |Vcx| increases from 
0.15 V to infinity. A plot of the theoretical common-emitter characteristic is 
indicated in Fig. 5-22. We see that, at a fixed value of Vcz, the ratio Ic/Iz is 
aconstant. Hence, for equal increments in Js, we should obtain equal incre- 
ments in Ig at a given Veg. This conclusion is fairly well satisfied by the 
curves in Fig. 5-10. However, the Jz = 0 curve seems to be inconsistent since, 
for a constant Ic¢/Iz, this curve should coincide with the Ic = 0 axis. This 
discrepancy is due to the approximation made in deriving Eq. (5-31), which is 
not valid for Jz = 0. 

The theoretical curve of Tig. 5-22 is much flatter than the curves of Fig. 
5-10 because we have implicitly assumed that aw is truly constant. As already 
pointed out, a very slight increase of aw with Vcg ean account for the slopes 
of the common-emitter characteristic. 


5-13 MAXIMUM VOLTAGE RATING? 


Even if the rated dissipation of a transistor is not exceeded, there is an upper 
limit to the maximum allowable collector-junction voltage since, at high 
voltages, there is the possibility of voltage breakdown in the transistor. Two 
types of breakdown are possible, avalanche breakdown, discussed in Sec. 3-11, 
and reach-through, discussed below. 


Avalanche Multiplication The maximum reverse-biasing voltage which 
may be applied before breakdown between the collector and base terminals 
of the transistor, under the condition that the emitter lead be open-circuited, is 
represented by the symbol BVczo. This breakdown voltage is a characteristic 
of the transistor alone. Breakdown may occur because of avalanche multi- 
plication of the current Ico that crosses the collector junction. As a result 
of this multiplication, the current becomes MI¢o, in which M is the factor 
by which the original current Zc¢o is multiplied by the avalance effect. (We 
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neglect leakage current, which does not flow through the junction and is there- 
fore not subject to avalanche multiplication.) At a high enough voltage, 
namely, BVcgo, the multiplication factor 14 becomes nominally infinite, and 
the region of breakdown is then attained. Here the current rises abruptly, 
and large changes in current accompany small changes in applied voltage. 

The avalanche multiplication factor depends on the voltage Veg between 
collector and base. We shall consider that 

1 


M = > —WafiVaer . (5-33) 


Equation (5-33) is employed because it is a simple expression which gives 
a good empirical fit to the breakdown characteristics of many transistor types. 
The parameter n is found to be in the range of about 2 to 10, and controls 
the sharpness of the onset of breakdown. 

If a current J is caused to flow across the emitter junction, then, neglect- 
ing the avalanche effect, a fraction ez, where a is the common-base current 
gain, reaches the collector junction. Taking multiplication into account, I¢ 
has the magnitude MalIz. Consequently, it appears that, in the presence 
of avalanche multiplication, the transistor behaves as though its common-base 
current gain were Ma. 

An analysis’ of avalanche breakdown for the CE configuration indicates 
that the collector-to-emitter breakdown voltage with open-circuitted base, desig- 
nated BV czo, is 


BVcro = BV cro Vrs (5-34) 


For an n-p-n germanium transistor, a reasonable value for n, determined 
experimentally, ism = 6. If we now take hez = 50, we find that 


BV ceo = 0.52BV ceo 


so that if BVero = 40 V, BVczo is about half as much, or about 20 V. Ideal- 


Fig. 5-23 Idealized common- 
emitter characteristics ex- 
tended into the breakdown 
region, 


BVeno Vex 
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ized common-emitter characteristics extended into the breakdown region are 
shown in Fig. 5-23. If the base is not open-circuited, these breakdown char- 
acteristics are modified, the shapes of the curves being determined by the 
base-circuit connections. In other words, the maximum allowable collector- 
to-emitter voltage depends not only upon the transistor, but also upon the 
circuit in which it is used. 


Reach-through The second mechanism by which a transistor’s usefulness 
may be terminated as the collector voltage is increased is called punch-through, 
or reach-through, and results from the increased width of the collector-junction 
transition region with increased collector-junction voltage (the Harly effect). 

The transition region at a junction is the region of uncovered charges 
on both sides of the junction at the positions occupied by the impurity atoms. 
As the voltage applied across the junction increases, the transition region 
penetrates deeper into the base (Fig. 5-8a). Since the base is very thin, it is 
possible that, at moderate voltages, the transition region will have spread 
completely across the base to reach the emitter junction, as indicated in 
Fig. 5-24, which should be compared with Fig. 5-8. The emitter barrier is 
now V’, which is smaller than the normal value V. — |Vxal| because the col- 
lector voltage has “reached through” the base region. This lowering of the 
emitter-junction voltage may result in an excessively large emitter current, 
thus placing an upper limit on the magnitude of the collector voltage. 

Punch-through differs from avalanche breakdown in that it takes place 
at a fixed voltage [given by V; in Eq. (3-21), with W = Ws] between collector 
and base, and is not dependent on circuit configuration. In a particular 
transistor, the voltage limit is determined by punch-through or breakdown, 
whichever occurs at the lower voltage. 


Fig. 5-24 The potential variation through a p-n-p 
transistor after ‘‘reach-through’’ when the effec- 
tive base width (Fig. 5-8) Ws = Ws — Whasbeen 
reduced to zero. The effective emitter barrier is 
an 
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5-14 THE PHOTOTRANSISTOR 


The phototransistor (also called pholoduodiode) is a much more sensitive semi- 
conductor photodevice than the p-n photodiode. The phototransistor is 
usually connected in a common-emitter configuration with the base open, 
and radiation is concentrated on the region near the collector junction Je, 
as in lig. 5-25a. The operation of this deviee can be understood if we recog- 
nize that the junction Jz is slightly forward-biased (lig. 5-16, open-circuited 
base), and the junction /¢ is reverse-biased (that is, the transistor is biased 
in the active region). Assume, first, that there is no radiant excitation. 
Under these cireumstances minority carriers are generated thermally, and the 
electrons crossing from the base to the collector, as well as the holes crossing 
from the collector to the base, constitute the reverse saturation collector cur- 
rent Eco (See. 5-2). The collector current is given by Eq. (5-16), with Ip = 0; 
namely, 


Tc = (8 + 1)Ico (5-35) 


If the light is now turned on, additional minority carriers are photogenerated, 
and these contribute to the reverse saturation current in exactly the same 
manner as do the thermally generated minority charges. If the component 
of the reverse saturation current due to the light is designated I,, the total 
collector current is 


To = (8+ 1) Ico + I) (5-36) 


We note that, due to transistor action, the current eaused by the radiation is 
multiplied by the large factor @ + 1. 
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Fig. 5-25 (a) A phototransistor. (b) The output characteristics of the MRD 450 
n-p-n silicon phototransistor. (Courtesy of Motorola Semiconductor Products, Inc.) 
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Typical volt-ampere characteristics are shown in Fig. 5-23b for an n-p-n 
planar phototransistor for different values of illumination intensities. Note 
the similarity between this family of curves and those in Fig. 5-10 for the CE 
transistor output characteristics with base current (instead of illumination) 
as a parameter. It is also possible to bring out the base lead and to inject a 
base current/,. The current J¢in Eq. (5-36) is then increased by the term Jp. 
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REVIEW QUESTIONS 


5-1 Draw the circuit symbol for a p-n-p transistor and indicate the reference 
directions for the three currents and the reference polarities for the three voltages. 
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5-2 Repeat Rev. 5-1 for an n-p-n transistor. 

5-3 For a p-n-p transistor biased in the active region, plot (in each region #, B, 
and C) (a) the potential variation; (b) the minority-carrier concentration. (c) Explain 
the shapes of the plots in (a) and (8). 

5-4 (a) For a p-n-p transistor biased in the active region, indicate the various 
electron and hole current components crossing each junction and entering (or leaving) 
the base terminal. (6) Which of the currents is proportional to the gradient of p, at 
Jz and Je, respectively? (ce) Repeat part 6 with p, replaced by n,. (d) What is the 
physical origin of the seveial current components crossing the base terminal? 

5-5 (a) From the currents indicated in Rev. 5-4 obtain an expression for the 
collector current Ic. Define each symbol in this equation. (b) Generalize the equation 
for I¢ in part a so that it is valid even if the transistor is not operating in its active 
region. 

5-6 (a) Define the current gain a in words and as an equation. (b) Repeat part 
a for the parameter a’. 

5-7 Describe the fabrication of an alloy transistor. 

5-8 For a p-n-p transistor in the active region, what is the sign (positive or 
negative) of Zz, Ic¢, Iz, Ves, and Veg? 

5-9 Repeat Rev. 5-8 for an n-p-n transistor. 

5-10 (a) Sketch a family of CB output characteristics for a transistor. () 
Indicate the active, cutoff, and saturation regions. (c) Explain the shapes of the curves 
qualitatively. 

5-11 (a) Sketch a family of CB input characteristics for a transistor. (b) Explain 
the shapes of the curves qualitatively. 

5-12 Explain base-width modulation (the Early effect) with the aid of plots of 
potential and minority concentration throughout the base region. 

5-13 Explain qualitatively the three consequences of base-width modulation. 

- 5-14 Define the following regions in a transistor: (a) active; (6) saturation; 
(c) cutoff. 

5-15 (a) Draw the circuit of transistor in the CE configuration. (6) Sketch the 
output characteristics. (c) Indicate the active, saturation, and cutoff regions. 

5-16 (a) Sketch a family of CE input characteristics. (0) Explain the shape of 
these curves qualitatively. 

5-17 (a) Derive the expression for I¢ versus Is for a CE transistor configuration 
in the active region. (b) For Iz = 0, what is Ig? 

5-18 (a) What is the order of magnitude of the reverse collector saturation current 
cago for a silicon transistor? (6) How does Iczo vary with temperature? 

5-19 Repeat Rev. 5-18 for a germanium transistor. 

5-20 Why does Ieso differ from Ivo? 

5-21 (a) Define saturation resistance for a CE transistor. (b) Give its order of 
magnitude. ; 

5-22 (a) Define base-spreading resistance for a transistor. (b) Give its order of 
magnitude. 

5-23 What is the order of magnitude of the temperature coefficients of Vaz .s:, 
V Benn) and Vox,sat? 

5-24 (a) Define hrz. (6) Plot Arz versus Z¢. 

5-25 (a) Give the order of magnitude of Vex at cutoff for a silicon transistor. 
(b) Repeat part a for a germanium transistor. (ce) Repeat parts a and b for the cutin 
voltage. 
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5-26 Is |Vaz,ae| greater or less than |Vez,s:1? Explain. 

5-27 (a) What is the range in volts for Var between cutin and saturation for a 
silicon transistor? (b) Repeat part a for a germanium transistor. 

5-28 What is the collector current relative to I¢o in a silicon transistor (a) if the 
base is shorted to the emitter? (6) If the base floats? (c) Repeat parts a and b for a 
germanium transistor. 

5-29 Consider a transistor circuit with resistors K., R,, and R, in the base, 
collector, and emitter legs, respectively. The biasing voltages are Vnz and Vee in base 
and collector circuits, respectively. (a) Outline the method for finding the quiescent 
currents, assuming that the transistor operates in the active region. (b) How do you 
test to see if your assumption is correct? 

5-30 Repeat Rev. 5-29, assuming that the transistor is in saturation. 

5-31 For a CE transistor define (in words and symbols) (a) 6; (b) Ba, = hre; 
(c) BY = hye. 

5-32 Derive the relationship between hrs and hys. 

5-33 (a) For what condition is 8 = hye? (b) For what condition is Ape © hy? 

5-34 (a) Draw the circuit of a CC transistor configuration. (0) Indicate the 
input and output terminals. 

5-35 What is meant by the inverted mode of operation of a transistor? 

5-36 (a) Write the Ebers and Moll equations. (b) Sketch the circuit model 
which satisfies these equations. 

5-37 Discuss the two possible sources of breakdown in a transistor as the collector- 
to-emitter voltage is increased. 

5-38 (a) Sketch the circuit of a phototransistor. (b) The radiation is concentrated 
near which junction? Explain why. (c) Deseribe the physical action of this device. 

5-39 (@) For a phototransistor in the active region, write the expression for the 
collector current. Define ali terms. (6) Sketch the family of output characteristics. 
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Even in a large-scale digital system, such as a computer, or a data- 
processing, control, or digital-communication system, there are only 
a few basic operations which must be performed. These operations, 
to be sure, may be repeated very many times, The four circuits most 
commonly employed in such systems are known as the oR, AND, NOT, 
and Fuip-FLop. These are called logic gates, or circuits, because they 
are used to implement Boolean algebraic equations (as we shall soon 
demonstrate). This algebra was invented by G. Boole in the middle 
of the nineteenth century as a system for the mathematical analysis 
of logic. , 

This chapter discusses in detail the first three basic logic circuits 
mentioned above. These basic gates are combined into FLIP-FLOPS 
and other digital-system building blocks in Chap. 17. 


6-1 DIGITAL (BINARY) OPERATION OF A SYSTEM 


A digital system functions in a binary manner. It employs devices 
which exist only in two possible states. A transistor is allowed to 
operate at cutoff or in saturation, but not in its active region. A 
node may be at a high voltage of, say, 4 + 1 V or at a low voltage 
of, say, 0.2 + 0.2 V, but no other values are allowed. Various desig- 
nations are used for these two quantized states, and the most common 
are listed in Table 6-1. In logic, a statement is characterized as true 
or false, and this is the first binary classification listed in the table. 
A switch may be closed or open, which is the notation under 9, etc. 
Binary arithmetic and mathematical manipulation of switching or 
logic functions are best carried out with classification 3, which involves 
two symbols, 0 (zero) and 1 (one). 
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TABLE 6-1 Binary-state terminology 


1 2 3 4 | 5 6 1 8 9 10 11 
One of the 
states..... True | High |1]| Up Pulse | Excited | Off | Hot | Closed | North | Yes 
The other 
state.....| False | Low [0] Down | No Non- On |Cold| Open | South | No 


pulse] excited 


The binary system of representing numbers will now be explained by 
making reference to the familiar decimal system. In the latter the base is 
10 (ten), and ten numerals, 0, 1, 2, 3,..., 9, are required to express an 
arbitrary number. To write numbers larger than 9, we assign a meaning to 
the position of a numeral in an array of numerals. For example, the number 
1,264 (one thousand two hundred sixty four) has the meaning 


1,264 = 1 X 10° + 2X 10?+ 6 X 10'+4 x 10° 


Thus the individual digits in a number represent the coefficients in an expan- 
sion of the number in powers of 10. The digit which is farthest to the right 
is the coefficient of the zeroth power, the next is the coefficient of the first 
power, and so on. 

In the binary system of representation the base is 2, and only the two 
numerals 0 and I are required to represent a number. The numerals 0 and 1 
have the same meaning as in the decimal system, but a different interpretation 
is placed on the position occupied by a digit. In the binary system the 
individual digits represent the coefficients of powers of two rather than ten as 
in the decimal system. For example, the decimal number 19 is written in the 
binary representation as 10011 since 


10011 = 1X 24#+0X 240x241 2!+1 x 20 
= 146 + 0 + 0 4+ 2 4+ 1 =#=19 


A short list of equivalent numbers in decimal and binary notation is given in 
Table 6-2. - 

A general method for converting from a decimal to a binary number is 
indicated in Table 6-3. The procedure is the following. Place the decimal 
number (in this illustration, 19) on the extreme right. Next divide by 2 and 
place the quotient (9) to the left and indicate the remainder (1) directly below 
it. Repeat this process (for the next column 9 + 2 = 4 and a remainder of 1) 
until a quotient of 0 is obtained. The array of 1’s and 0’s in the second row 
is the binary representation of the original decimal number. In this example, 
decimal 19 = 10011 binary. 

A binary digit (a 1 or a 0) is called a bit. A group of bits having a sig- 
nificance is a bite, word, or code. For example, to represent the 10 numerals 


It 
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TABLE 6-2 Equivalent numbers in decimal 
and binary notation 
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Decimal Binary Decimal Binary 
notation notation notation notation 
0 00000 il 01011 
1 00001 12 01100 
2 00010 13 01101 
3 00011 14 01110 
4 00100 15 01111 
5 00101 16 10000 
6 00110 M7 10001 
vi 00111 18 10010 
8 01000 19 10011 
9 01001 20 10100 
10 01010 21 10101 
——————— 
(0, 1, 2, ..., 9) and the 26 letters of the English alphabet would require 


36 different combinations of 1’sand 0’s. Since 25 < 36 < 2°, then a minimum 
of 6 bits per bite are required in order to accommodate all the alphanumeric 
characters. In this sense a bite is sometimes referred to as a character and a 
group of one or more characters as a word, 


Logic Systems In a de, or level-logic, system a bit is implemented as one 
of two voltage levels. If, as in Fig. 6-la, the more positive voltage is the 1 
level and the other is the 0 level, the system is said to employ de positive logic. 
On the other hand, a de negative-logic system, as in Fig. 6-16, is one which 
designates the more negative voltage state of the bit as the 1 level and the 
more positive as the O level. It should be emphasized that the absolute values 
of the two voltages are of no significance in these definitions. In particular, 
the 0 state need not represent a zero voltage level (although in some systems 
it might). 

The parameters of a physical device (for example, Vcz,su of a transistor) 
are not identical from sample to sample, and they also vary with temperature. 
Furthermore, ripple or voltage spikes may exist in the power supply or 
ground leads, and other sources of unwanted signals, called noise, may be 
present in the cireuit. For these reasons the digital levels are not specified 
precisely, but as indicated by the shaded regions in Fig. 6-1, each state is 
defined by a voltage range about a designated level, such as 4 + 1 V and 
0.2 + 0.2 V. 


TABLE 6-3 Decimal-to-binary conversion 


Divide by 2..........| 0 1 2 4 9 19 decimal 
Remainder........... 1 0 0 1 1 Binary 
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5 5 
Vl) =4Ve ) VO) = 4V 
Fig. 6-1 Hlustrating 
the definitions of (a) . . 
positive and (b) nega- 
tive logic. A transi- 
tion from one state to 
the other occurs at 
t=. 0.4 0.4 
V0) = 0.2 V Vd) = 0.2V 
0 e t t ot 
(a) (b) 


In a dynamic, or pulse-logic, system a bit is recognized by the presence 
or absence of a pulse. A 1 signifies the existence of a positive pulse in a 
dynamic positive-logic system; a negative pulse denotes a 1 in a dynamic 
negative-logic system. In either system a 0 at a particular input (or output) 
at a given instant of time designates that no pulse is present at that particular 
moment. 


6-2 THE OR GATE! 


An or gate has two or more inputs and a single output, and it operates in 
accordance with the following definition: The output of an oR assumes the 1 
stale if one or more inputs assume the 1 state. The n inputs to a logic circuit 
will be designated by A, B, . . . , N and the output by Y. It is to be under- 
stood that each of these symbols may assume one of two possible values, 
either 0 or 1. A standard symbol for the or circuit is given in Fig. 6-2a, 
together with the Boolean expression for this gate. The equation is to be 
read “Y equals A or B or - + - or N.” Instead of defining a logical opera- 
tion in words, an alternative method is to give a truth table which contains a 
tabulation of all possible input values and their corresponding outputs. It 


Output 


A 
Fig.6-2 (a) The standard symbol for B y 
an or gate and its Boolean expres- N 
sion; (b) the truth table for a two-in- 


Y=A+Bteu4N 
put or gate: 


(a) (6) 
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should be clear that the two-input truth table of Fig. 6-2b is equivalent to 
the above definition of the or operation. 

In a diode-logic (DL) system the logical gates are implemented by using 
diodes. A diode or for negative logic is shown in I'ig. 6-3. The generator 
source resistance is designated by &.. We consider first the case where the 
supply voltage Vr has a value equal to the voltage V(0) of the 0 state for de 
logic. 

If all inputs are in the 0 state, the voltage across each diode is 
V(0) — V(0) = 0. Since, in order for a diode to conduct, it must be for- 
ward-biased by at least the cutin voltage V, (Iig. 4-5), none of the diodes 
conducts. Hence the output voltage is v, = V(O), and Y is in the 0 state. 

If now input A is changed to the 1 state, which for negative logic is at 
the potential V(1), less positive than the 0 state, then D1 will conduct. The 
output becomes 


R 


ty = VO) LO) = Vi Val poe ae 


(6-1) 
where J; is the diode forward resistance. Usually & is chosen much larger 
than R, + &;. Under this restriction 


n= VA)+ V, (6-2) 


Hence the output voltage exceeds the more negative level V(1) by V, (approx- 
imately 0.2 V for germanium or 0.6 V for silicon). T'urthermore, the step in 
output voltage is smaller by V, than the change in input voltage. 

From now on, unless explicitly stated otherwise, we shall assume 2 > R, 
and ideal diodes with Ry = 0 and V, = 0. The output, for input A excited, 
is then », = V(1), and the circuit has performed the following logic: if 4 = 1, 


B=0,...,N =0, then Y = 1, which is consistent with the or operation. 
For the above excitation, the output is at V(1), and each diode, except 
D1, is back-biased. Hence the presence of signal sources at B, C,...,N 


does not result in an additional load on generator A. Since the or config- 
uration minimizes the interaction of the sources on one another, this gate 
is sometimes referred to as a buffer circuit. Since it allows several indepen- 
dent sources to be applied at a given node, it is also called a (nonlinear) 
mixing gate. 

If two or more inputs are in the 1 state, the diodes connected to these 
inputs conduct and all other diodes remain reverse-biased. The output is 
V(1), and again the or function is satisfied. If for any reason the level V(1) 
is not identical for all inputs, the most negative value of V(1) (for negative logic) 
appears at the output, and all diodes except one are nonconducting. 

A positive-logic or gate uses the same configuration as that in lig. 6-3, 
except that all diodes must be reversed. The output now ts equal to the most 
positive level V(1) [or more precisely is smaller than the most positive value of 
V(1) by V,]. If a dynamic logic system is under consideration, the oulput- 


Sec. 6-3 DIGITAL CIRCUITS / 161 


a See wi 


Fig. 6-3 A diode or circuit for nega- 

tive logic. [It is also possible to 

choose the supply voltage such that v(0) 
Vr > V(0), but that arrangement has 

the disadvantage of drawing standby 


va) 


current when all inputs are in the 0 


state.] Val= VO] 


pulse magnitude is (approximately) equal to the largest input pulse (regardless 
of whether the system uses positive or negative logic). 

A second mode of operation of the or circuit of Fig. 6-3 is possible if Vz 
is set equal to a voltage more positive than V(0) by at least V,. For this 
condition all diodes conduct in the 0 state, and v, ~ V(0) if R> R, + R, Tf 
one or more inputs are excited, then the diode connected to the most negative 
V(1) conducts, the output equals this value of V(1), and all other diodes are 
back-biased. Clearly, the or function has been satisfied. 

A third mode of operation of the circuit of Fig. 6-3 results if we select 
Ve < V(). This arrangement has the disadvantage that the output will not 
respond until the input falls enough to overcome the initial reverse bias of the 
diodes. 


Boolean Identities If it is remembered that A, B, and C can take on 
only the value 0 or 1, the following equations from Boolean algebra pertaining 
to the or (+) operation are easily verified: 


A+B+C=(44+B)4+C=A+4+(B+0) (6-3) 
A+B=B+A (6-4) 
A+A=A (6-5) 
A+1=1 (6-6) 
A+0O=A4 (6-7) 


These equations may be justified by referring to the definition of the or 
operation, to a truth table, or to the action of the or circuits discussed above. 


6-3 THE AND GATE! 


An AND gate has two or more inputs and a single output, and it operates in 
accordance with the following definition: The output of an AND assumes the 1 
state if and only if all the inputs assume the 1 state. A symbol for the anp 
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Input | Output 


A = + 
ae Se A Bl Y Fig. 64 (a) The standard symbol for 
N 0 an ano gate and its Boolean expres- 


0.6.60 
0 1 0 " 
to 0 sion; the truth table for a two-input anp 
Y=ABeoN 
eee 1 gate. 
(a) (2) 


circuit is given in Fig. 6-4a, together with the Boolean expression for this 
gate. The equation is to be read “Y equals A and B and... and N.” 
[Sometimes a dot (-) or a cross (X) is placed between symbols to indicate 
the AND operation.) It may be verified that the two-input truth table of 
Fig. 6-4b is consistent with the above definition of the AND operation. 

A diode-logie (DL) configuration for a negative AND gate is given in Fig. 
6-5a. To understand the operation of the circuit, assume initially that all 
source resistances A, are zero and that the diodes are ideal. If any input is 
at the 0 level V(0), the diode connected to this input conducts and the out- 
put is clamped at the voltage V(O), or Y = 0. However, if all inputs are at 
the 1 level V(1), then all diodes are reverse-biased and », = V(1), or ¥Y = 1. 
Clearly, the AND operation has been implemented. The anp gate is also 
called a coincidence circutt. 

A positive-logie aNnp gate uses the same configuration as that in Fig. 6-5a, 
except that all diodes are reversed. This circuit is indicated in Fig. 6-5) and 
should be compared with Fig. 6-3. It is to be noted that the symbol V(0) in 
Fig. 6-3 designates the same voltage as V(1) in Fig. 6-5b because each repre- 
sents the upper binary level. Similarly, V(1) in Fig. 6-3 equals V(0) in Fig. 
6-5), since both represent the lower binary level. Hence these two circuits 
are identical, and we conclude that @ negatiwe or gate is the same circutt as a 
positive AND gate. This result is not restricted to diode logic, and by using 
Boolean algebra, we show in Sec. 6-8 that it is valid independently of the 
hardware used to implement the circuit. 


‘i as Va =[V@)] 
A 8 1 


Vv(0) 


v(1) V(0) 


Val= VQ) 


Fig. 6-5 A diode-logic anv circuit for (a) negative logic and (b) positive logic. 
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In Fig. 6-5b it is possible to choose Vg to be more positive than V(1). 
If this condition is met, all diodes will conduct upon a coincidence (all inputs 
in the 1 state) and the output will be clamped to V(1). The output impedance 
is low in this mode of operation,. being equal to (R. + Ry) /n in parallel with 
%. On the other hand, if Ve = V(1), then all diodes are cut off at a coin- 
cidence, and the output impedance is high (equal to R). If for any reason 
not all imputs have the same upper level V'(1), then the output of the positive 
AND gate of Fig. 6-56 will equal V(1)min, the least positive value of V(1). 
Note that the diode connected to V(1) min conducts, clamping the output to 
this minimum value of V(1) and maintaining all other diodes in the reverse- 
biased condition. If, on the other hand, Vr is smaller than all inputs V(1), 
then all diodes will be cut off upon coincidence and the output will rise to 
the voltage Ve. Similarly, if the inputs are pulses, then the output pulse will 
have an amplitude equal to the smallest input amplitude [provided that Ve is 
greater than V(1) min]. 


Boolean Identities Since A, B, and C can have only the value 0 or 1, 
the following expressions involving the anp operation may be verified: 


ABC = (AB)C = A(BC) (6-8) 

AB = BA (6-9) 
AA=A (6-10) 
Al=A (6-11) 
A0=0 (6-12) 
A(B+C) = AB+ AC (6-13) 


These equations may be proved by reference to the definition of the anp 
operation, to a truth table, or to the behavior of the anp circuits discussed 
above. Also, by using Eqs. (6-11), (6-13), and (6-6), it ean be shown that 


A+AB=A (6-14) 
Similarly, if follows from Eqs. (6-13), (6-10), and (6-6) that 
A+BC3(A+B)(A+0) (6-15) 


We shall have occasion to refer to the last two equations later. 


6-4 THE NOT, OR INVERTER, CIRCUIT 


The nor circuit has a single input and a single output and performs the oper- 
ation of logic negation in accordance with the following definition: The output 
of @ NOT circuit takes on the 1 state af and only if the input does not take on the 
1 state. The standard to indicate a logic negation is a small circle drawn at 
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, Input | Output 
- = A Y¥ 
A Y=A A Y=A A Y 
0 | 1 
“a 1 0 
-Y=A 


(a) (6) (c) (d) 


Fig. 6-6 Logie negation at (a) the input and (b) the output of a logic block; 
(c) a symbol often used for a not gate and the Boolean equation; (d) 
the truth table. 


the point where a signal line joins a logic symbol. Negation at the input of 
a logic block is indicated in Fig. 6-60 and at the output in Fig. 6-60. The 
symbol for a Not gate and the Boolean expression for negation are given in 
Fig. 6-6c. The equation is to be read ‘‘Y equals nor A” or “Y is the comple- 
ment of A.” [Sometimes a prime (’) is used instead of the bar (~) to indicate 
the nor operation.) The truth table is given in Fig. 6-6d. 

A circuit which accomplishes a logic negation is called a Nor circuit, or, 
since it inverts the sense of the output with respect to the input, it is also 
known as an inverter. The output of an INVERTER is relatively more positive 
if and only if the input is relatively less positive. In a truly binary system 
only two levels V(0) and V(1) are recognized, and the output, as well, as the 
input, of an inverter must operate between these two voltages. When the 
input is at V(0), the output must be at V(1), and vice versa. Ideally, then, a 
nor circuit inverts a signal while preserving its shape and the binary levels 
between which the signal operates. 

The transistor circuit of Fig. 6-7 implements an inverter for positive logic 
having a 0 state of V(0) = Vez and a 1 state of V(1) = Veo. If the input 
is low, v: = V(0), then the parameters are chosen so that the Q is orr, and 
hence » = Veco = V(1). On the other hand, if the input is high, x = V(1), 
then the circuit parameters are picked so that Q is in saturation and then 
v», = Vaz = V(0), if we neglect the collector-to-emitter saturation voltage 
Voz sat. A detailed calculation of quiescent conditions is made in the follow- 
ing example. 


Voc =V(1) 


Fig. 6-7 An inverter for positive logic. A 
similar circuit using a p-n-p transistor is 
used for a negative-logic nor circuit. 
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EXAMPLE If the silicon transistor in Fig. 6-8 has a minimum value of hre of 
30, find the output levels for input levels of 0 and 12 V. 


Solution For v; = V(0) = 0 the open-circuited base voltage Vy is 


Ve =—-12X iB —1.56 V 
. 100 + 15 a 
Since a bias of about 0 V is adequate to cut off a silicon emitter junction (Table 5-1; 
page 142), then @ is indeed cut off. Hence», = 12 V for»; = 0. 
For »; = V(1) = 12 V let us verify the assumption that Q is in saturation. 
The minimum base current required for saturation is 


It is usually sufficiently accurate to use the approximate values for the saturation 
junction voltages given in Table 5-1, which for silicon are Voezieat = 0.8 V and 
Vera = 0.2 V. With these values 


12 — 0.2 36 
I¢ = —— = 5.36 mA Ts) ain = —— = 0.1 A 
o 238 " eo) 30 a 
eg ae ek gs VOI Serene 
15 100 


and 

In = 1, — I, = 0.75 — 0.13 = 0.62 mA 
Since this value exceeds (Ia)mia) Q@ is indeed in saturation and the drop across the 
transistor is Ver, Hencev, = 0.2V fore; = 12 V, and the circuit has performed 
the Nov operation. 

If the input to the inverter is obtained from the output of a similar gate, 
the input levels are V(0) = Vex, = 0.2 Vand V(1) = 12V. The corresponding 
output levels are 12 and 0.2 V, respectively. 


—_—_—_—_—_—_—_—_———————— 


The capacitor C across Ri in lig. 6-7 is added to improve the transient 
response of the inverter. This capacitor aids in the removal of the minority- 
carrier charge stored in the base when the signal changes abruptly between 


12V 


Fig. 6-8 An inverter calculation. 
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logic states. A discussion of this phenomenon, including rise time, fall time, 
and storage time, is given in the following section. The order of magnitude 
of Cis 100 pF, but its exact value depends upon the transistor. 


Transistor Limitations There are certain transistor characteristics as well 
as certain circuit features which must particularly be taken into account in 
designing transistor inverters. 


1. The back-bias emitier-junction voliage Vzz. This voltage must not 
exceed the emitter-to-base breakdown voltage BVzszo specified by the 
manufacturer. For the type 2N914, BVzpo = 5 V, and for the 2N1304, 
BVezo = 25 V. However, for some (diffused-base) transistors, BVzgo may 
be quite small (less ‘than 1 V). 

2. The de current gain her. Since hrz decreases with decreasing tem- 
perature, the circuit must be designed so that at the lowest expected temper- 
ature the transistor will remain in saturation. The maximum value of RA; is 
determined principally by this condition. 

3. The reverse collector saturation current Icso. Since |Icszo| increases 
about 7 percent/°C (doubles every 10°C for either germanium or silicon), we 
cannot continue to neglect the effect of Iczo at high temperatures. At cut- 
off the emitter current is zero and the base current is Ic¢go (in a direction 
opposite to that indicated as Jy in Fig. 6-8). Let us calculate the value of 
Icao which just brings the transistor to the point of cutoff. If we assume, 
as in Table 5-1, that at cutoff, Vez = 0 V, then Z, = 0 and the drop across 
the 100-K resistor is 


100 lIozo =12V or Leso = 0.12 mA 


The ambient temperature at which Iczo = 0.12 mA = 120 yA is the maxi- 
mum temperature at which the inverter will operate satisfactorily, A silicon 
transistor can be operated at temperatures in excess of 185°C. 


Boolean Identities From the basic definition of the NoT, AND, and oR 
connectives we can verify the following Boolean identities: 


A=A ; (6-16) 
A+A=1 (6-17) 
AA=0 (6-18) 
A+AB=A+4+B (6-19) 


pT 


EXAMPLE Verify Eq. (6-19). 

Solution Since B + 1 = 1 and Al = A, then 
AtLAB=A(B4+1)+AB=AB+A+AB=(A+A4)B+A=BH+4 

where use is made of Eq. (6-17). 


= = 
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6-5 TRANSISTOR SWITCHING TIMES? 


If a pulse is applied to an inverter, the transistor acts as a switch, since 
it operates from cutoff to saturation and then returns to cutoff. We now 
turn our attention to the behavior of the transistor inverter as it makes a 
transition from one state to the other. We consider the transistor circuit 
shown in lig. 6-9a, driven by the pulse waveform shown in Fig. 6-9b. This 
waveform makes transitions between the voltage levels V, and Vi. At Vo 
the transistor is at cutoff, and at V, the transistor is in saturation. The 
input waveform v; is applied between base and emitter through a resistor 
&., which represents R,||Rz of Fig. 6-7 (assume that C is not present). 

The response of the collector current zg to the input waveform, together 
with its time relationship to that waveform, is shown in Fig. 6-9c._ The cur- 
rent does not immediately respond to the input signal. Instead, there is a 
delay, and the time that elapses during this delay, together with the time 
required for the current to rise to 10 percent of its maximum (saturation) 
value Ics ~ Vee/R1, is called the delay time ta. The current waveform has 
a nonzero rise time t,, which is the time required for the current to rise through 
the active region from 10 to 90 percent of Ic¢s. The total turn-on time toy is 
the sum of the delay and rise time, toy = tg +1, When the input signal 
returns to its initial state at 4 = 7, the current again fails to respond imme- 
diately. The interval which elapses between the transition of the input 
waveform and the time when ic has dropped to 90 percent of I¢g is called the 
storage time t,. The storage interval is followed by the fall téme t,, which is 
the time required for i¢ to fall from 90 to 10 percent of Ics. The turnoff 


Fig. 6-9 The pulse waveform in (b) drives the transistor in (a) from cutoff to satura- 
tion and back again. (c) The collector-current response to the driving input pulse. 
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time torr is defined as the sum of the storage and fall times, forr = 4s + ty. 
We shall consider now the physical reasons for the existence of each of these 
times. The actual calculation of the time intervals (ta, 4, fa, and ts) is com- 
plex, and the reader is referred to Ref. 2. Numerical values of delay time, 
rise time, storage time, and fall time for the Texas Instruments n-p-n epitaxial 
planar silicon transistor 2N3830 under specified conditions can be as low as 
tg = 10 ns, ¢, = 50 ns, é, = 40 ns, and ty = 30 ns. 


The Delay Time Three factors contribute to the delay time. First, 
when the driving signal is applied to the transistor input, a nonzero time is 
required to charge up the emitter-junction transition capacitance so that the 
transistor may be brought from cutoff to the active region. Second, even 
when the transistor has been brought to the point where minority carriers 
have begun to cross the emitter junction into the base, a time interval is 
required before these carriers can cross the base region to the collector junc- 
tion and be recorded as collector current. Iinally, some time is required for 
the collector current to rise to 10 percent of its maximum. 


Rise Time and Fall Time The rise time and the fall time are due to the fact 
that, if a base-current step is used to saturate the transistor or return it from 
saturation to cutoff, the transistor collector current must traverse the active 
region. The collector current increases or decreases along an exponential curve 
whose time constant r, can be shown to be given by 7, = Ara(C.R. + 1/wr), 
where C, is the collector transition capacitance and wr is the radian frequency 
at which the current gain is unity (Sec. 11-3). 


Storage Time The failure of the transistor to respond to the trailing 
edge of the driving pulse for the time interval f, (indicated in Fig. 6-9c) results 
from the fact that a transistor in saturation has a saturation charge of excess 
minority carriers stored in the base. The transistor cannot respond until this 


Density of 
minority 
carriers 


Fig. 6-10 Minority-carrier concen- 
tration in the base for cutoff, active, 
and saturation conditions of oper- 


ation. 


Base —_—| Collector 


Emitter hr 


x=0 x=Ww 
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Emitter Collector 
junction junction 
eb 5 “Bases, {Jc 
Fig. 6-11 The minority-carrier density in the bie 
base region. The concentrations at + = 0 (a) —. ee 
and z = IV are governed by the law of the 
junction [(Eq. 3-4)]. 
Dee a Pao ¢ Ye! 
{ Pie is 
Ofex a] ux wih 
(0) 


saturation excess charge has been removed. The stored charge density in the 
base is indicated in I'ig. 6-10 under various operating conditions. 

The concentration of minority carriers in the base region decreases linearly 
from proeVs!¥r at x = 0 to preel¥? at x = W, as indicated in Vig. 6-118. In 
the cutoff region, both Vg and Vo are negative, and p, is almost zero every~- 
where. In the active region, Vz is positive and Vg negative, so that Pn is 
large at = 0 and almost zero at x = W. Finally, in the saturation region, 
where Vx and V¢ are both positive, Da is large everywhere, and hence a large 
amount of minority-carrier charge is stored in the base. These densities are 
pictured in I'ig. 6-10. 

Consider that the transistor is in its saturation region and that att = 7 
an input step is used to turn the transistor off, as in Tig. 6-9. Since the 
turnoff process cannot begin until the abnormal carrier density (the heavily 
shaded area of I'ig. 6-10) has been removed, a relatively long storage delay 
time ¢, may elapse before the transistor responds to the turnoff signal ut the 
input. In an extreme case this storage-time delay may be two or three times 
the rise or fall time through the active region. It is clear that, when tran- 
sistor switches are to be used in an application where speed is at a premium, 
it is advantageous to reduce the storage time. By adding the capacitor C 
across the base resistor (Fig. 6-7), an impulsive current will flow out of the 
base at the time 7 at the end of the pulse. If C is properly chosen,? this 
impulsive current will instantaneously reduce f, to zero. A method for pre- 
venting a transistor from saturating, and thus eliminating storage time, is 
given in Sec. 7-13. 


6-6 THE INHIBIT (ENABLE) OPERATION 


A nor circuit preceding one terminal (S) of an ANb gate acts as an inhibitor. 
This modified anv circuit implements the logical statement. /f A = 1, B = 1, 
., M =1, then ¥Y = 1 provided that § = 0. However, if S = 1, then the 
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Output 
¥ 

- 1 0 Fig. 6-12 (a) The logic block and 
a ' 5 Boolean expression for an anp with 
Rees Y 4 1 an enable terminal S. (b) The 
5 5 0 truth table for Y = ABS. The col- 

7 8 0 umn on the left numbers the eight 

Y-AB--- MS ‘ ; possible input combinations. 
(a) (0) 

coincidence of A, B, ..., M is inhibited, and Y = 0. Such a configuration 


is also called an anticoincidence circuit. The logical block symbol is drawn in 
Tig. 6-120, together with its Boolean equation. The equation is to be read 
“Y equals A and Band... and M and not 8.” The truth table for a three- 
input aND gate with one inhibitor terminal (S) is given in Fig. 6-126. 

The terminal S is also called a strobe or an enable input. The enabling 
bit S = 0 allows the gate to perform its anp logic, whereas the inhibiting bit 
S = 1 causes the output to remain at Y = 0, independently of the values of 
the input bits. 

A combination of the anp circuit of Fig. 6-5) and the InvERTER of Fig. 6-8 
satisfying the logic given in the truth table (Fig. 6-12b) is indicated in Fig. 6-13. 
If either input A or B or both are in the O state, V(0) = 0 V, then at least one of 
the diodes D1 or D2 conducts and clamps the output to0 V, or Y = 0. This 
argument verifies all items in the truth table except lines 4 and 8. Consider 
now the situation where a coincidence occurs at Aand B. If C isin the 0 state, 
then Q is cut off, and the output of the nor circuit is € =1(12V). Hence all 


Vp. (12) 


15K 


D1 


V(I)=12V 


V(O)=0V 


Fig. 6-13. A positive-logic anv circuit with a negation in- 
put terminal. 
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three diodes are reverse-biased and the output rises to 12 V, or Y = 1, which 
verifies line 4 of the truth table. (If A, B, Vei, and Vaz are not all equal to 
the same voltage, the output will rise to the smallest of these values.) Finall+, 
consider the condition in line 8 of Fig. 6-12b. If C is in the 1 state, then Q is 
driven into saturation, and the output of the transistor drops to 0 V (ideally). 
Hence C = 0, D3 conducts, and Y = 0, which indeed is the logic in the last 
row of the truth table. 

It is possible to have a two-input anp, one terminal of which is inhibiting. 
This circuit satisfies the logic: “The output is true (1) if input A is true (1) 
provided that B is not true (0) [or equivalently, provided that B is false (0)].” 
Another possible configuration is an anp with more than one inhibit terminal. 

In a dynamic system, if an inhibit pulse is to allow more of the signal 
to be transmitted through the gate, it is necessary that the inhibit pulse begin 
earlier and last longer than the signal pulses. 


6-7 THE EXCLUSIVE OR CIRCUIT 


An EXCLUSIVE oR gate obeys the definition: The outpui of a two-input excLu- 
SIVE OR assumes the 1 state if one and only one input assumes thc 1 state. The 
standard symbol for an EXCLUSIVE oR is given in Fig. 6-14a and the truth table 
in Fig. 6-146. The circuit of Sec. 6-2 is referred to as an INCLUSIVE OR if it is 
desired to distinguish it from the EXCLUSIVE oR. 

The above definition is equivalent to the statement: “If A = lor B = 1 
but not simultaneously, then Y = 1.” In Boolean notation, 


¥ = (A + B)(AB) (6-20) 


This function is implemented in logic diagram form in Tig. 6-15a. 

A second logic statement equivalent to the definition of the eExcLuSIVE 
on is the following: “If A = Land B = 0, orifB = landaA = 0, then ¥Y = 1.” 
The Boolean expression ts 


Y=AB+BA (6-21) 
The block diagram which satisfies this logic is indicated in lig. 6-15b. 
An EXCLUSIVE OR is employed within the arithmetic section of a computer. 


Another application is as an inequality comparator, maiching cireuit, or detector 
because, as can be seen from the truth table, Y = 1 only if A # B. This 


Fig. 6-14 (a) The standard symbo! for an ) ; 
EXCLUSIVE OR gate and its Boolean expres- B 


sion; (b) the truth table. 


Output 
Y. 


0 
1 
1 
0 
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A A+B A AB 
B B 
¥ Y 
AB BA 
(a) Y=(4+B)(AB) (b) Y=AB+BA 


Fig. 6-15 Two logic block diagrams for the excwusive or gate. 


property is used to check for the inequality of two bits. If bit A is not iden- 
tical with bit B, then an output is obtained. Equivalently, “If A and B are 
both 1 or if A and B are both 0, then no output is obtained, and Y = 0.” 
This latter statement may be put into Boolean form as 


Y = AB+ AB (6-22) 


This equation leads to a third implementation for the nxcLusivEe or block, 
which is indicated by the logic diagram of Fig. 6-162. An equality detector gives 
an output 4 = 1if A and B are both 1 or if A and B are both 0, and hence 


Z=Y=AB+ AB (6-23) 


where use was made of Eq. (6-16). If the output Z is desired, the negation 
in Fig. 6-16a may be omitted or an additional inverter may be cascaded with 
the output of the EXCLUSIVE oR. 

A fourth possibility for this gate is 


Y = (A + B)(A + B) (6-24) 


which may be verified from the definition or from the truth table. This logic 
is depicted in Fig. 6-16). 

We have demonstrated that there often are several ways to implement 
a logical circuit. In practice one of these may be realized more advantageously 
than the others, Boolean algebra is sometimes employed for manipulating a 
logic equation so as to transform it into a form which is better from the point 


A A+B 
B 
Y 
A+B 
(a) Y=(AB+AB) - (b) Y=(A+B)(A+B) 


Fig. 6-16 Two additional logic block diagrams for the exc.usive or gate. 
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of view of implementation in hardware. In the next section we shall verify 
through the use of Boolean algebra that the four expressions given above for the 
EXCLUSIVE OR are equivalent. 


Two-level Logic Digital design often calls for several gates (AND, OR, 
or combinations of those) feeding into an oR (or AND) gate. Such a combina~ 
tion is known as two-level (or two-wide) logic. The =xcuusive or circuits of 
Figs. 6-15 and 6-16 are examples of two-level logic. In the discussion of 
digital systems in Chap. 17 it is found that the most useful logic array consists 
of several anps which feed an or which is followed by a nor gate. This 
cascade of gates is called an AND-oR-INVERT (AOI) configuration. The 
detailed circuit topology for an AOI is given in Fig. 17-2. 


6-8 DE MORGAN'S LAWS 


The statement “If and only if all inputs are true (1), then the output is true 
(1)” is logically equivalent to the statement “If at least one input is false (0), 
then the output is false (0).””. In Boolean notation this equivalence is written 

ABCs +s SAP BEC o> (6-25) 


If we take the complement of both sides of this equation and use Eq. (6-16), 
we obtain 


ABC ++ =A+B+C+4--: (6-26) 
This equation and its dual, 
A+B4+C+4+:--=ABC--- (6-27) 


(which may be proved in a similar manner), are known as De Morgan’s laws. 
These complete the list of basic Boolean identities. For easy future reference, 
all these relationships are summarized in Table 6-4. 

With the aid of Boolean algebra we shall now demonstrate the equivalence 
of the four EXCLUSIVE oR circuits of the preceding section. Using Eq. (6-26), 
it is immediately clear that Hq. (6-21) is equivalent to Eq. (6-24). Now the 
latter equation can be expanded with the aid of Table 6-4 as follows: 


(A+ B8)(A+ 8) = AA + BA+AB+4+ BB = BA + AB (6-28) 


This result shows that the exciustve or of Eq. (6-21) is equivalent to that 
of Eq. (6-24). Finally, applying Eq. (6-27) to Eq. (6-22) gives 


AB + AB = (AB)(AB) (6-29) 
From Eq. (6-26), we have 
(AB)(AB) = (4 + BA +B) = (A+ B)(4 +B) (6-30) 
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TABLE 6-4 Summary of basic Boolean identities 


Fundamental laws 


OR AND NOT 
A+0=A4 AQ =0 A+A4=1 
A+1l=1 Al=A AA =0 
A+A=A AA=A A=A 
A+A=1 AA =0 


Associative laws 
(A+ B)+C=A+(B4+C)  (AB)C = A(BOC) 
Commutative laws 
A+B=B++A AB =BA 
Distributive law 
A(B+C) =AB+ AC 
De Morgan’s laws 


AB =A+B+ 
Aa ee SAB es 
Aunziliary identities 7 
A+AB=A A+tAB=A4+B 
(A + B)(A + C) =A+ BC 


where use is made of the identity A = A. Comparing Eqs. (6-29) and (6-30) 
shows that the ExcLusIvE or of Eq. (6-22) is equivalent to that of Eq. (6-24). 

With the aid of De Morgan’s law we can show that an anv circutt for 
positive logic also functions as an or gate for negative logic. Let Y be the out- 


put and A, B, ... , N be the inputs to a positive anp so that 
Y=AB:--N (6-31) 
Then, by Eq. (6-26), 
Y=A+B+t-.--+WN (6-32) 


If the output and all inputs of a circuit are complemented so that a 1 becomes 
a 0 and vice versa, then positive logic is changed to negative logic (refer to 
Fig. 6-1). Since ¥ and Y represent the same output terminal, A and A the 
same input terminal, etc., the circuit which performs the positive AND logic 
in Eq. (6-31) also operates as the negative or gate of Eq. (6-32). Similar 
reasoning is used to verify that the same circuit is either a negative AND or a 
positive or, depending upon how the binary levels are defined. We verified 
this result for diode logic in Sec. 6-3, but the present proof is independent of 
how the circuit is implemented. 

It should now be clear that it is really not necessary to use all three con- 
nectives OR, AND, and Nor. The or and the nor are sufficient because, from 
the De Morgan law of Eq. (6-25), the anp can be obtained from the or and 
the Nov, as is indicated in Fig. 6-17a. Similarly, the anp and the Not may 
be chosen as the basic logie circuits, and from the De Morgan law of Eq. (6-27), 
the or may be constructed as shown in Fig. 6-17b. This figure makes clear 
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A Y= (A+B) Y=AB 
<_— 
B 
(a) 
A Y=(AB) A Y-A+LB 
ae 
B B 
(b) 


Fig. 6-17 (a) An or is converted into an ano by inverting 
all inputs and also the output. (b) An anp becomes an 
or if all inputs and the output are complemented. 


once again that an or (ANp) circuit negated at input and output performs the 
AND (oR) logic. 


6-9 THE NAND AND NOR DIODE-TRANSISTOR LOGIC 
(DTL) GATES 


In Vig. 6-15a the negation before the second anp could equally well be put 
at the output of the first anp without changing the logic. Such an anv-NoT 
sequence is also present in Vig. 6-17) and in many other logic operations. 
This negated anp is called a NoT-AND, or a NAND, gate. The logic symbol, 
Boolean expression, and truth table for the NaNp are given in Fig. 6-18. The 
NAND may be implemented by placing a transistor nor circuit after the diode 
AND in Fig. 6-13. Such a transposition is shown in Tig. 6-19. Circuits 
involving diodes and transistors as in Fig. 6-19 are called divde-transistor logic 
(DTL) gates. 


EXAMPLE (a) Verify that the circuit of Fig. 6-19 is a positive Nanp for the 
binary levels 0 and 12 V. Neglect source impedance and junction saturation 
voltages and diode voltages in the forward direction. Find the minimum Arg. 
(b) If the drop across a conducting diode is 0.7 V and if the sum of source and 
diode resistances is 1 K, is the nanp logic satisfied? (c) Will the circuit operate 


A 
Fig. 6-18 (a) The logic symbol and Boolean ey 
expression for a two-input Nano gate; (b) B 


the truth table. 


Output 


ab 
ak 
1. 
0 
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12V 12V Vag (18 V) 


15K 


(a) 


Fig. 6-19 (a) A three-input positive NAND (or negative nor) gate; (b) a 
collector catching or clamping diode may be used to improve the charac- 
teristics of the output circuit. 


Sec. 6-9 


properly if the inputs are obtained from the outputs of similar Nanp gates? 
Assume silicon transistors and diodes and neglect collector saturation resistance 
and diode forward resistance. 


Solution «a. If any input is at 0 V, then the junetion point P of the diodes is at 
0 V because a diode conducts and clamps this point to V(0) = 0. The base 
voltage of the transistor is then 


15 
Ve = —(12 = —156V 
p= -09 (3) 


Hence @ is cut off and ¥Y isat 12 V,or F = 1. This result confirms the first three 
rows of the truth table of Fig. 6-180. . 

If all inputs are at V(1) = 12 V, assume that all diodes are reverse-biased and 
that the transistor is in saturation. We shall now verify that these assumptions 
are indeed correct. If Q is in saturation, then with Vue = 0, the voltage at P is 
(12)(4%) = 6 V. Hence, with 12 V at each input, all diodes are reverse-biased 
by 6 V. Since the diodes are nonconducting, the two 15-N resistors are in series 
and the base current of Q is 


Since the collector current is 


12 5.45 
Ig = — = 5.45 mA and hee) min = = 
°~ 22 oe ee) 0.28 


then Q will indeed be in saturation if Avg > 19. Under these circumstances the 
output isat ground, or ¥ = 0. This result confirms the last row of the truth table. 

b. The transistor must be orr if at least one input is at 0. The worst case 
occurs when all diodes except one are reverse-biased, because then the voltage at ? 
is a maximum. For this case the Thévenin’s equivalent from P to ground is, 
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12V 
1bK 
1K aly Cc —~4P 15K Base 
ED a7v ? 07V 
“0.2V 100K 
E 
= -12V 
(a) (d) (c) 


Fig. 6-20 Relating to the calculation of the base voltage of the transistor in the 
circuit of Fig. 6-19. 


from Fig. 6-20a, a voltage of 


1 15 
2) (— 7) (=) = 0.75 + 0.66 = 1. 
a (2) +0 (2) 5 + 0.66 = 141 V 


in series with a resistance of (1)(#) = 0.94 K. The open-circuit voltage at the 
base of the transistor is, from Fig. 6-20b, 


15.9 100 
Va = —(12 1.41) ( -—— } = —-1.65 21 = —0. 
B ( » (FR) + (eS) 65+1 44V 


This voltage is more than adequate to reverse-bias Q, and hence NAND ‘logic is 
satisfied. 

c. If the inputs are high, the situation is exactly as in part a. With respect 
to keeping the base node at a low voltage when there is no coincidence, the worst 
situation occurs when all but one input are high. The low input now comes from 
a transistor in saturation, and Vez, * 0.2 V. The open-circuit voltage at 
the base of @ is, from Fig. 6-20c, 


15 100 
Va = —(12) (5) ++ (0.9) G2) = —0.78 V 


which cuts off @ and Y = 1, as it should. 
ss Sa 


If we neglect the inherent speed limitations of the transistor the rise time 
of the output, when Q is cut off, depends upon the shunt capacitance C, and 
the collector resistance R.. If Vee is increased, then for fixed values of C, 
and &,, less time is required to reach the particular voltage at which the 
next stage switches (is driven into saturation). If such an increased valuc of 
Vee [>V(1)] is used, a collector clamping diode is often added, as indicated 
in Fig. 6-19b. This diode limits the collector voltage of Q to V(1) and also 
prevents the following stage from being driven too heavily into saturation. 
Secondarily, the diode helps to reduce the time to discharge C, when Q is 
driven into saturation by providing a lower collector starting voltage. 
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Input | Output 
A B Y 
So] eer oe Fig. 6-21 (a) The logic symbol and Boo- 
fs ; lean expression for a two-input nor gate; 
vias 11 0 (b) the truth table. 
(a) (b) 


A nor Gate A negation following an or is called a NoT-oR, or a NOR 
gate. The logic symbol, Boolean expression, and truth table for the Nor are 
given in Fig. 6-21. A positive Nor circuit is implemented in Fig. 6-22a by a 
cascade of a diode or and a transistor INVERTER. 

In Fig. 6-22a the base supply — Vag may also be used as the reference 
voltage Vr for the or, and hence Vp and R may be omitted from the circuit. 
Such a simplified configuration is indicated in Fig. 6-226 for the specifie binary 
levels V(Q) = O and V(1) = 12 V. We can readily confirm that this circuit 
obeys Nor logic. If all inputs are in the 0 state, all diodes conduct and the 
input to the inverter is 0 V. If any input is high, the diode connected to 
this input conducts and all other diodes are reverse-biased. The voltage at 
the diode node P is now V(1) = 12 V. Hence, from input to point P, the 
or function has been satisfied. Since from P to the output we have an 
inverter identical with that in I'ig. 6-8, no further calculations are necessary 
to justify Nor operation. The direct connection from the junction of the or 
diodes to the external pin C' is convenient for expanding the number of inputs 
by adding more diodes as needed. 


A Ao— 
B Boo 
Y Y 
Cc Cc 
D— D— 
Eo Eo 
(a) i) 
Ac— 
3B 
Y 
c 
D 
E 
(c) 


Fig. 6-22 A two-level anp-or is equivalent to a NAND-NAND configuration. 


Sec. 6-10 DIGITAL CIRCUITS / 179 


The circuits of JI*igs. 6-19 and 6-22 employ diode-iransistor logic (DTL). 
The nanp and Nor may also be implemented in other configurations, as is 
indicated in Sees. 6-12 and 6-14. With the aid of De A\lorgan’s laws, it can 
be shown that, regardless of the hardware involved, a positive NAND is also 
a negative NOR, whereas a negative NAND may equally well be considered a 
positive Nor. 

It is clear that a single input NAND isa NoT. Also, a NAND followed by a 
NoT is an anv. In Sec. 6-8 it is pointed out that all logic can be performed 
by using only the two connectives anv and not. Therefore we now conclude 
that, by repeated use of the NANp circuit alone, any logical function can be 
carried out. A similar argument leads equally well to the result that all logic 
can be performed by using only the nor circuit. 


ee 
EXAMPLE Verily that two-level anp-or topology is equivalent to a NAND- 
NAND system, 


Soluiton The anv-on logic is indicated in Fig. 6-22a. Since X = X, then 
inverting the output of an anv and simultaneously negating the input to the 
following oR does not change the logic. These modifications are made in Fig. 
6§-22b. We have also negated the output of the or gate aud, at the same time, 
have added an inverTurR to Fig, 6-22), so that once again the logic is unaffected. 
An OR gate negated at each terminal is an ANp circuit (Fig. 6-17a). Sinee an 
AND followed by an INVERTER is a NAND then Fig. 6-22c is equivalent to Fig. 6-22b. 
Hence, the NAND-NAND of Fig. 6-22c is equivalent to the anv-or of Fig. 6-22a. 


_—— 


If any of the inputs in Fig. 6-22 are obtained from the output of another 
gate then the resultant topology is referred to as three-level logic. 


6-10 MODIFIED (INTEGRATED-CIRCUIT) DTL GATES® 


Most logic gates are fabricated as an integrated circuit (IC). This process is 
deseribed in the next chapter, where it is demonstrated that all transistors, 
diodes, resistors, and capacitors in a fairly complicated circuit may be shaped 
within a tiny chip of single-crystal silicon (approximately 50 mil by 50 mil in 
surface area and 1 mil thick). It turns out that large values of resistance 
(above 30 K) and of capacitance (above 100 pI’) cannot be fabricated eco- 
nomically. On the other hand, transistors and diodes may be constructed 
very inexpensively. In view of these facts, the NaNnp gate of Tig. 6-19 is 
modified for integrated-circuit implementation by eliminating the capacitor 
Ci, reducing the resistance values drastically, and using diodes or transistors 
to replace resistors wherever possible. At the same time the power-supply 
requirements are simplified so that only a single 5-V supply is used (instead 
of the three separate voltages of Tig. 6-19d). The resulting circuit is indi- 
cated in Tig. 6-23. 
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Yoo = 5V 


The following 
stage 


Fig, 6-23' An integrated positive DTL Nanp gate. 


The operation of this positive NAND gate is easily understood qualita- 
tively. If at least one of the inputs is low (the 0 state), the diode D con- 
nected to this input conducts and the voltage Vp at point P islow. Hence 
diodes D1 and D2 are nonconducting, Jz = 0, and the transistor is oFF. 
Therefore the output of Q is high and Y is in the 1 state. This logic satisfies 
the first three rows of the truth table in Fig. 6-18. Consider now the case 
where all inputs are high (1) so that all input diodes D are eut off. Then Vp 
tries to rise toward Vee, and a base current J, results. If I, is sufficiently 
large, Q is driven into saturation and the output Y falls to its low (0) state, 
thus satisfying the fourth row of the truth table. 

This NaNpD gate is considered quantitatively in the following illustrative 
example. The necessity for using two diodes D1 and D2 in series is explained. 
False logic can be caused by switching transients, power-supply noise spikes, 
coupling between leads, etc. The noise margins that this cireuit can tolerate 
are calculated below 


EXAMPLE (a) For the transistor in Fig. 6-23 assume (Table 5-1) that Vax. = 
0.8 V, Vy = 0.5 V, and Veg, = 0.2 V. The drop across a conducting diode is 
0.7 V and V, (diode) = 0.6 V. The inputs of this switch are obtained from the 
outputs of similar gates. Verify that the circuit functions as a positive NAND and 
calculate (Arz)mia. (6) Will the circuit operate properly if D2 is not used? (c) 
If all inputs are high, what is the magnitude of the noise voltage at the input 
which will cause the gate to malfunction? (d) Repeat part c if at least one input 
is low. Assume, for the moment, that Q is not loaded by a following stage. 


Solution a. The logic levels are Vox, = 0.2 V for the 0 state and Vee = 5 V 
for the 1 state. If at least one input is in the 0 state, its diode conducts and Vp = 
0.2+0.7 = 0.9 V. Since, in order for D1 and D2 to be conducting, a voltage 
of (2)(0.7) = 1.4 V is required, these diodes are cut off, and Vag = 0. Since the 
cutin voltage of Q is Vy = 0.5 V, then Q is orr, the output rises to 5 V, and Y = 1. 
This confirms the first three rows of the NaNpD truth table. 
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If all inputs are at V(1) = 5 V, then we shall assume that all input diodes 
are orr, that D1 and D2 conduct, and that Q is in saturation. If these conditions 
are true, the voltage at P is the sum of two diode drops plus Var, or Vp = 
0.7 + 0.7 + 0.8 = 2.2V. The voltage across each input diode is 5 — 2.2 = 2.8V 
in the reverse direction, thus justifying the assumption that D is orr. We now 
find (Arz) min to put Q into saturation. 


= Mee 4 oa? 0.56 mA 


q 


fp = See Se ha a 
5 5 


Ip = 1, — I, = 0.56 — 0.16 = 0.40 mA 
Vee al Vez sat 5 me! 0.2 


Ig = = 2.18 mA 
2.2 2.2 
and 
Ie 2.18 
hee) min = — = —— = 5.8 
view? Ty 0.40 : 


If Ave > (Ape) min, then Y = V(O) for all inputs at V(1), thus verifying the last 
line in the truth table in Fig. 6-18. 

b. If at least one input is at V(0), then Vp = 0.2 + 0.7 = 0.9 V. Hence, 
if only one diode D1 is used between P and B, then Var = 0.9 — 0.6 = 0.3 V, 
where 0.6 V represents the diode cutin voltage. Since the cutin base voltage is 
Vy = 0.5 V, then theoretically Q is cut off. However, this is not a very conserva- 
tive design because a small (>0.2 V) spike of noise will turn Q on. An even 
more conservative design uses three diodes in series, instead of the two indicated 
in Fig. 6-23. 

¢. If all inputs are high, then from part a, Vp = 2.2 V and each input diode 
is reverse-biased by 2.8 V. A diode starts to conduct when it is forward-biased 
by 0.6 V. Hence a negative noise spike in excess of 2.8 + 0.6 = 3.4 V must be 
present at the input before the circuit manfunctions. Sucha large noise voltage is 
improbable. 

d. If at least one input is low, then from part a, Vp = 0.9 V and Q is orr. 
If a noise spike takes Q just into its active region, Var = Vy = 0.5 and Vp must 
increase to 0.5 + 0.6 + 0.6 = 1.7 V. Hence the noise margin is 1.7 — 0.9 = 
0.8 V. If only one diode D1 were used, the noise voltage would be reduced by 
0.6 V (the drop across D2 at cutiu) to 0.8 — 0.6 = 0.2V. This confirms the value 
obtained in part b. 


e-e_—-O-——————————— eee 


Fan-out In the foregoing discussion we have unrealistically assumed that 
the NaNp gate is unloaded. If it drives N similar gates, we say that the 
fan-out is N. The output transistor now acts as a sink for the current in the 
input to the gates it drives, In other words, when @ is in saturation (Y = 0), 
the input current J in Fig, 6-23 of a following stage adds to the collector 
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a) 
The following 
stage 


Fig. 6-24 A modified integrated positive DTL nano gate with 
increased fan-out. 


current of Q. Assume that all the input diodes to a following stage (which 
is now considered to be a current source) are high except the one driven by 
Q. Then the current in this diode is J = (5 — 0.9)/5 = 0.82 mA. This 
current is called a standard load. The total collector current of Q is now 
I¢ = 0.82N + 2.18 mA, where 2.18 mA is the unloaded collector current 
found in part @ of the preceding example. Since the base current is almost 
independent of loading, Zz remains at its previous value of 0.4 mA. If 
we assume a reasonable value for (hpg)min of 30, the fan-out is given by 
Ie pa hpgls, or 


I¢ = 0.82N + 2.18 = (30)(0.40) = 12.0 mA (6-33) 


and N = 12, Of course, the current rating of Q@ must exceed 12.0 mA if we 
are to drive 12 gates. 

The fan-out may be increased considerably by replacing D1 by a tran- 
sistor Q1, as indicated in Fig. 6-24. When Q1 is conducting, it is in its active 
region and noé in saturation. This statement follows from the fact that the 
current in the 2-K resistance is in the direction to reverse-bias the collector 
junction of the n-p-n transistor Q1. Since the emitter current of Q1 supplies 
the base current of Q2, then Q2 is driven by a much higher base current than 
is Q in rig. 6-23. For the same (Arz)min of the output transistors in Figs. 
6-23 and 6-24, it is clear that the latter circuit has the larger collector current, 
and hence the larger fan-out. 


Serer 


EXAMPLE If (Arz)min = 30, calculate the fan-out N for the nanp gate of 
Fig. 6-24. From Table 5-1, Vasjactive = 0.7 V. 
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Soluiion As with the circuit of Fig. 6-23, if any input is low, then Vp = 
0.9 V, and both Q1 and D2 are orr. Hence Vaz. = 0, Q2 is orr, and Y = 1. 
If, however, all inputs are high, the input diodes are orr, Q2 goes into saturation, 
and 


Ve = Voaeinctive + Voro+ Vez2x0 = 0.7 +0.7+0.8 = 22V 


Since Q1 is in its active region, Ic: = heels; As indicated in Fig. 6-24, the cur- 
rent in the 2-K resistor is Ig, (remember that each D is cut off), and the current 
in the 1.75-K resistor is 2, = Ia. + Ie. = (1 + hee)In. Applying KVL between 
Vec and Vp, we have, for hrz = 20, 


5 — 2.2 = (1.75)(31)Iai + 2Ta1 (6-34) 
or 
In = 0.050 mA T, = (81)(0.050) = 1.55 mA 


I, = 0.8/5 = 0.16 mA Tao = 1.55 — 0.16 = 1.39 mA 


The unloaded collector current of Q2 is (5 — 0.2)/2.2 = 2.18mA. For each gate 
which it drives, Q@2 must sink a standard load of 


pa 2707 02 


=1.10mA 
1.75 + 2 


Since the maximum collector current is hrels2, then 
Te. = (30)(1.39) = 1.10N + 2.18 = 41.7 mA (6-35) 


and N = 36. The fan-out has been increased to 36 for the same Are which resulted 
in only 12 for the circuit of Fig. 6-22. 

The above calculation assumes that the current rating of Q2 is at least 41.7 mA. 
On the other hand, if (7e2)max is limited to, say, 15 mA, then 1.10V + 2.18 = 15, 
or N = 11. To drive these 11 gates requires that hrz, ain = Ic2,]52 = 15/1.39 = 
10.8, which is a very smal] number. 


ee SS 


The fan-in M of a logic gate gives the number of inputs to the switch. 
.For example, in Fig. 6-24, M = 3. 


Wired Logic It is possible to connect the outputs of several DTL gates 
together, as in Fig. 6-25, to perform additional logic without additional hard- 
ware. If positive NAND logic is under consideration, this connection is called 
a wired-AND, phantom-anD, dotted-AND, or implied-AND. Thus, if both Y; = 1 
and Y,; = 1, then Y = 1, whereas if ¥: = 0 and/or Y, = 0, then Y = 0. 

The circuit of Fig. 6-24 also represents a negative NoR gate, and con- 
necting two outputs together as in Fig. 6-25 now represents negative wired-or 
logic. If Y: and/or Y2 is in the low state (which is now the 1 state), then Y 
is also in the low state (Y = 1), whereas if Y; and Y> are both high (the 0 
state), then Y is also high (Y = 0). 
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A ¥, 
B 
Y= ¥,¥, 
c 
D 
E Y; 
(a) (8) 


Fig. 6-25 (a) Wired-anp logic is obtained by connecting the outputs of 
positive NAND gates fogether; (b) a two-input and a three-input NaND gate 
wired-anp together to perform the logic in Eq. (6-36). 


Consider two positive NAND gates wired-ANp together as in Fig. 6-25). 
Then ¥; = ABand Y, = CDH. Hence 


Y = Yi¥. = (AB\CDE) = AB+ CDE (6-36) 


where use is made of De Morgan’s law. Note that the wired-anp has led to 
an implementation of the AOI two-level logic (Sec. 6-7). Because of the + 
sign in Eq. (6-36), the connection in Fig. 6-25 is often incorrectly referred to 
as a positive wired-or. 

Note that the wired-anp connection places the collector resistors in 
Fig. 6-25a in parallel. This reduction in resistance increases the power dis- 
sipation in the on state. In order to avoid this condition open-collector gates 
are available specifically for wired-anD applications. 


6-11 HIGH-THRESHOLD-LOGIC (HTL) GATE® 


Tn an industrial environment the noise level is quite high because of the pres- 
ence of motors, high-voltage switches, on-off control circuits, etc. By using 
a higher supply voltage (15 V instead of 5 V) and a 6.9-V Zener diode in place 
of D2 in the DTL gate of Fig, 6-24, this circuit is converted into the high- 
noise-immunity gate of I’ig. 6-26. The resistances are increased in Fig. 6-26 
with respect to those in Fig. 6-24, so that approximately the same currents 
are obtained in both circuits. The noise margin obtained with this tircuit is 
typically 7 V (Prob. 6-44). 
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15 V 


Fig. 6-26 A high-threshold-logic 
NAND gate. 


6-12 TRANSISTOR-TRANSISTOR-LOGIC (TTL) GATE® 


The fastest-saturating logic circuit is the transistor-transistor-logic gate (TTL, 
or T?L), shown in Fig. 6-27. This switch uses a multiple-emitter transistor 
which is easily and economically fabricated using integrated-cireuit techniques 
(Sec. 7-7). The TTL circuit has the topology of the DTL circuit of Tig. 6-238, 
with the emitter junctions of Q1 acting as the input diodes D of the DTL 
gate and the collector junction of Q1 replacing the diode D1 of Fig. 6-23. 
The base-to-emitter diode of Q2 is used in place of the diode D2 of the DTL 
gate, and both circuits have an output transistor (Q3 or Q). 

The explanation of the operation of the TTL gate parallels that of the 
DTL switch. Thus, if at least one input is at V(0) = 0.2 V, then 


Vp = 0.2+0.7 = 0.9V 


For the collector junction of Q1 to be forward-biased and for Q2 and Q3 to 
be on requires about 0.7 + 0.7 + 0.7 = 2.1 V. Hence these are OFF; the 
output rises to Veg = 5 V, and Y = V(1). On the other hand, if all inputs are 
high (at 5 V), the input diodes (the emitter junctions) are reverse-biased and 
Vp rises toward Vec and drives Q2 and Q3 into saturation. Then the output 
is Vor. = 0.2 V, and ¥ = V(0) (and Vp is clamped at about 2.3 V). 

The above explanation indicates that Q1 acts like isolated back-to-back 
diodes, and not as a transistor. However, we shall now show that, during 
turnoff, Q1 does exhibit transistor action, thereby reducing storage time (Sec. 
6-5) considerably. Note that the base voltage of Q2, which equals the col- 
lector voltage of Q1, is at 0.8 + 0.8 = 1.6 V during saturation of Q2 and 
Q3. If now any input drops to 0.2 V, then Vp = 0.9 V, and hence the base 
of Ql is at 0.9 V. At this time the collector junction is reverse-biased by 
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Fig. 6-27. An IC positive TTL 
NAND gate. (Neglect the 
diodes in the shaded block.) 


1.6 — 0.9 = 0.7 V, the emitter junction is forward-biased, and Q1 is in its 
active region. The large collector current of Q1 now quickly removes the 
stored charge in @2 and Q3. It is this transistor action which gives TTL the 
highest speed of any saturated logic. 

Clamping diodes (shown in the shaded block in Fig. 6-27) are often 
included from each input to ground, with the anode grounded. These diodes 
are effectively out of the circuit for positive input signals, but they limit 
negative voltage excursions at the input to a safe value. These negative 
signals may arise from ringing caused by lead inductance resonating with 
shunt capacitance. 


6-13 OUTPUT STAGES 


At the output terminal of the DTL or TTL gate there is a capacitive load Cz, 
consisting of the capacitances of the reverse-biased diodes of the fan-out gates 
and any stray wiring capacitance. If the collector-circuit resistor of the 
inverter is R, (called a passive pull-up), then, when the output changes from 
the low to the high state, the output transistor is cut off and the capacitance 
charges exponentially from Vez,sa1 to Vec. The time constant R.Cz of this 
waveform may introduce a prohibitively long delay time into the operation 
of these gates. 

The output delay may be reduced by decreasing R,, but this will increase 
the power dissipation when the output is in its low state and the voltage across 
Reis Vee — Vers. A better solution to this problem is indicated in Fig. 6-28, 
where a transistor acts as an active pull-up circuit, replacing the passive pull-up 
resistance R,. This output configuration is called a tolem-pole amplifier 
because the transistor Q4 ‘sits’ upon Q3. It is also referred to as a power- 
driver, or power-buffer, output stage. 

The transistor Q2 acts as a phase splilier, since the emitter voltage is out 
of phase with the collector voltage (for an increase ‘in base current, the emitter 
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voltage increases and the collector voltage decreases). We now explain the 
operation of this driver circuit in detail, with reference to the TTL gate of 
Fig. 6-28a. 

The output is in the low-voltage state when Q2 and Q3 are driven into 
saturation. For this state we should like Q4 to be orr. Is it? Note that the 
collector voltage Vewz of Q2 with respect to ground WN is given by 


Vews = Veross + Verse = 0.2 +08 = 10V (6-37) 


5Vv 
9° 


+ 


1.75 K 

2K 
A 
B 
Cc 


Fig. 6-28 (a) ATTL gate and (b) a DTL gate with a totem-pole output driver. (c) 
A modified configuration of the output circuit. [The circuit to the left of Q2 is 
identical with that in (a) for TTL or in (b) for DTL.] 
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Since the base of Q4 is tied to the collector of Q2, then Vawsa = Vewo = 1.0V. 
If the output diode DO were missing, the base-to-emitter voltage of Q4 would be 


Voges = Vews — Verses = 10—0.2 =0.8V 


which would put Q4 into saturation. Under these circumstances the steady 
current through Q4 would be 


Veo — Versa — Verse _ 5 — 0.2 — 0.2 
100 100 


which is excessive and wasted current. The necessity for adding DO is now 
clear. With it in place, the sum of Vex, and Vpo is 0.8 V. Hence both Q4 
and DO are at cutoff. In summary, if Cy is at the high voltage V(1) and the 
gate is excited, Q4 and DO go orr, and Q3 conducts. Because of its large active- 
region current, Q3 quickly discharges Cz, and as v, approaches V (0), Q3 enters 
saturation. The bottom transistor Q3 of the totem pole is referred to as a 
current sink, which discharges C1. 

Assume now that with the output at V(0), there is a change of state, 
because one of the inputs drops to its low state. Then Q2 is turned orr, which 
causes Q3 to go to cutoff because Vez; drops to zero. The output », remains 
momentarily at 0.2 V because the voltage across Cy, cannot change instan- 
taneously. Now Q4 goes into saturation and DO conducts, as we can verify: 


Vans = Verasar + Voo +% = 0.8 +0.7 +0.2 = L7V 


A = 46mA (6-38) 


and the base and collector currents of Q4 are 


Veo — Vans _ 5-17 
1.4 14 


is Veo — Verssa — Voo — % = 5 — 0.2 — 0.7 — 0.2 
0.1 0.1 

Hence, if hrg exceeds (hrz)min = [es/Ips = 39.0/2.36 = 16.5, then Q4 is in 
saturation. The transistor Q4 is referred to as a source, supplying current to 
Cy. As long as Q4 remains in saturation, the output voltage rises exponentially 
toward Vcc with the very small time constant (100 + Resa + Ry)Cr, where 
Ress is the saturation resistance (Sec. 5-8) of @4, and where Ry (a few ohms) 
is the diode forward resistance. As v. inereases, the currents in Q4. decrease, 
and Q4 comes out of saturation and finally », reaches a steady state when Q4 
is at the cutin condition. Hence the final value of the output voltage is 


0 = Vee — Vagaeuin — Voo,utin ~ 5 — 0.5 — 0.6 = 3.9 V = V(1) 
(6-39) 


= 2.36 mA 


Tay = 


= 39.0mA 


If the 100-2 resistor were omitted; there would result a faster change in 
output from V(0) to V(1). However, the 100-0 resistor is needed to limit the 
current spikes during the turn-on and turn-off transients. In particular, Q3 
does not turn off (because of storage time) as quickly as Q5 turns on. With 
both totem-pole transistors conducting at the same time, the supply voltage 
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would be short-circuited if the 100-0 resistor were missing. The peak current 
drawn. from thesupply during the transient is limited toZe; + Zz4 = 39 +2.4 ~ 
41 mA if the 100-Q resistor is used. These current spikes generate noise 
in the power-supply distribution system, and also result in increased power 
consumption at high frequencies. 


Wired Logic It should be emphasized that the wired-anp connection must 
not be used with the totem-pole driver circuit. If the output from one gate is 
high while that from a second gate is low, and if these two outputs are tied 
together, we have exactly the situation just discussed in connection with 
transient current spikes. Hence, if the wired-anp were used, the power supply 
would deliver a steady current of 41 mA under these circumstances. 


Alternative Output Stages From the foregoing discussion it should be 
clear that the diode DO can be moved from the emitter into the base lead of Q4. 
This configuration is used by some manufacturers. 

The diode in the base of Q4 referred to in the preceding paragraph may be 
the base-to-emitter diode of an additional transistor, such as Q5 in Fig. 6-28c. 
The combination of Q5 and Q4, called a Darlington pair, is discussed in Sec. 8-6. 
It has a very high current gain and extremely low output resistance and results 
in a very high speed gate. Another form of power buffer is given in Prob. 6-45. 

Storage time is eliminated by using Schotiky transistors (which are clamped 
to prevent saturation, Sec. 7-12) for the transistors in Fig. 6-28. 


6-14 RESISTOR-TRANSISTOR LOGIC (RTL) AND 
DIRECT-COUPLED TRANSISTOR LOGIC (DCTL) 


In 1972 TTL was the most popular family, and it had captured about 45 per- 
cent of the integrated-circuit digital market. Approximately another 30 per- 
cent of the market was taken by DTL, and the remaining 25 percent was 
divided between several additional families, called res¢stor-transistor logic 
(RTL), direci-coupled transistor logic (DCTL), emitter-coupled logic (ECL), 
and metal-oxide-semiconductor (MOS) logic. Since MOS logic uses the field- 
effect transistor (FET), the discussion of these gates is postponed until Chap. 
10, where the MOSFET is introduced. Since ECL requires an understanding 
of the differential amplifier, this type of (nonsaturating) logic is considered in 
Sec. 16-17, after the differential amplifier is studied. A discussion of RTL and 
DCTL now follows. 


Resistor-Transistor Logic (RTL)5 This configuration is indicated in 
Fig. 6-29a, which represents a three-input positive nor gate with a fan-out of 5. 
If any input is high, the corresponding transistor is driven into saturation and 
the output is low, a = Vez, * 0.2 V. However, if all inputs are low, then 
all input transistors are cut off by V, — V(0) = 0.5 — 0.2 = 0.3 V and the 
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Positive NOR Fan out, N = 6 
(a) 


Fig. 6-29 (a) An RTL positive Nor gate with a fan-in of 3 and a fan-out of 5. (b) 
The equivalent circuit from which to calculate 4, in the high state. 


output » is high. (Note the low noise margin.) The preceding two state- 
ments confirm that the gate performs positive Nor (or negative NAND) logic. 

The value of v, depends upon the fan-out. For example, if N = 5, then 
the output of the Nor gate is loaded by five 450-0 resistors in parallel (or 90 2), 
which is tied to Vaz, ~ 0.8 V, as shown in Fig. 6-298. Under these circum- 
stances (using superposition), 


5, = 3:6 90, 0.8 X 640 
> 90 + 640 90 + 640 


=114V (6-40) 


This voltage must be large enough so that the base current can drive each of 
the five transistors into saturation. Since 


1.14 — 0.8 3.6 — 0.2 
Sime ae Gi eee 


then the circuit will operate properly if Arz > (krg)min = 5.31/0.76 = 7.0. 
Resistor-transistor logic uses the minimum space (for a standard digital 
function) on a silicon wafer, and hence is very economical. 


= 0.755 mA Io = 


Direct-Coupled Transistor Logic (DCTL)? This configuration is the same 
as RTL, except that the base resistors are omitted. In Fig. 6-30 the fan-in 
is 3 and the fan-out is 2. 

To verify that the circuit implements positive Nor logic, consider first 
that all inputs are in the 0 state. Because this low voltage to an input (say, 
to Q1) comes from a saturated transistor (Q’) of a preceding state, 


m= Viewsat — V(0) 
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Since this voltage is 0.2 V for a saturated silicon ‘transistor, and since the 
cutin voltage V, ~ 0.5 V, Q1 will conduct very little (although the noise mar- 
gin is only 0.5 — 0.2 = 0.3 V as it is with RTL logic). Since the current 
in Q1 is almost zero, the output Y tries to raise Vee and @Q4 and Q5 go into 
saturation. Hence the output Y is clamped at 


Vezsat = VU) = 0.8 V 


for silicon. Thus, with all inputs in the low state, the output is in the high 
state. Note that the high state is only 0.8 V, independent of Veg. 

Consider now that at least one input »; is in the high state. Since Ql 
is fed from Q’, Q’ is cut off and Q1 is driven into saturation. Under these 
cireumstances the output Y is Versa = V(O). If more than one input is 
excited, the output will certainly be low. Hence we have confirmed that the 
Nor function is satisfied. 

There are a number of difficulties with DCTL: (1) The reverse satura- 
tion current for all fan-in transistors adds in the common collector-circuit 
resistor R,. At high enough temperatures the total Icrof. drop may be 
large enough so that the output Y is too low to drive the fan-out transistors 
into saturation. (2) Because of the direct connection, the base current is 
almost equal to the collector current (for Vee > Vee sa, and Veg > V peat). 
With a transistor so heavily driven into saturation, very large stored base 
charge will result, with a corresponding detrimental effect on the switching 
speed. (3) Since the voltage levels are so low—the total output-voltage step 
is only of the order of 0.6 V for silicon—then spurious (noise) spikes can be 
troublesome. (4) The bases of the fan-out transistors are connected together. 
Since the input characteristics can never be identical, let us assume that Q4 has 
a much lower Vpz for a given Is than does Q5. Under these circumstances, Q4 
will “hog” most of the base current, and it is possible that Q5 may not even be 
driven into saturation. Hence transistors suitable for DCTL must have very 
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Tt im 
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Fig. 6-30 A positive nor DCTL gate. 
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close control on uniformity of input characteristics, very low values of [cxo, 
as large a differential as possible between Var.cat and Vor sat, a large hee, and 
a small storage time. 

The advantages of DCTL are: (1) Only one low-voltage supply (opera- 
tion with 1.5 V is possible) is needed; (2) transistors with low breakdown 
voltages may be used; and (3) the power dissipation is low. 

In DCTL a nor or NAND circuit is possible in which the transistors are 
in series (totem-pole fashion) rather than in parallel as in Fig. 6-30. Because 
of the difficulties mentioned above, DCTL is not often used with bipolar tran- 
sistors, but it is the standard logic with field-effect transistors (Sec. 10-6). 


6-15 COMPARISON OF LOGIC FAMILIES 


In the discussion of each logic configuration some of its advantages and dis- 
advantages have been listed. An exhaustive comparison is extremely difficult 
because we must take into account all the following characteristics: (1) speed 
(propagation time delay), (2) noise immunity, (3) fan-in and fan-out capa- 
bilities, (4) power-supply requirements, (5) power dissipation per gate, (6) 
suitability for integrated fabrication, (7) operating temperature range, (8) 
number of functions available, and (9) cost. Also to be considered is the 
personal prejudice of the engineer, who is always strongly influenced by past 
experience. Items 1 and 8 require some explanation; all others have already 
been defined or are self-evident. 


Propagation Delay In I'ig. 6-9 the on time ton of an (n-p-n) inverter 
is defined as the interval between the application of an ideal pulse input and 
the time when the output current reaches 90 percent (or the output voltage 
falls to 10 percent) of its final value. This definition is not useful for the 
propagation-delay time of a logic gate, for two reasons. First, the input to 
a gate is not a square pulse, but it is a waveform with a nonzero rise time. 
Second, the input does not have to reach its 90 percent value before the gate 
changes state. Hence we define propagation-delay on time Tor (to distinguish 
it from ton) as indicated below. 

As the input voltage to a positive NAND gate rises from V(0) toward 
V(1), then at some switching threshold voltage V’(0) (Fig. 6-31), conditions 
within the gate are modified, so that a change of state of the output from 
V(1) to V(O) is initiated. Similarly, as the input falls from V(1) toward 
V(0), then at some other switching threshold voltage V’(1), the initiation of 
the change of state from V(Q) to V(1) takes place. We now define (as in 
Fig. 6-31) the propagation delay on time 7J’ow as the interval between the time 
when the input v; reaches V’(0) and the output falls to V’(1). Also, the pro- 
pagation delay orF time Torr is defined as the interval between the time when 
the input equals V’(1) and the output rises to V’(0). Because of minority- 
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Fig. 6-31 Pertaining to the 
definitions of the propaga- 
tion-delay times, 
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carrier storage time, Ton ~ Torr. Hence the propagation-delay time Tpp is 
usually defined as the average of these two times, or 


Trp = 4(Ton =f Torr) (6-41) 
In passing, we note that some authors arbitrarily assume the two threshold 
voltages to be equal: V’(0) = V’(1) = 4[V(O) + V(1)]. 


Functions The basic anp, oR, NAND, and Nor gates are combined in 
one integrated chip in various combinations to perform specific circuit func- 


TABLE 6-5 Comparison of the major IC digital logic families® 
ES 


Logie RTL DTL HTL TTL ECL MOS CMOS 

Parameter 
Basic gate7........... NOR NAND NAND NAND OR-NOR NAND NOW Or NAND 
Fan-oute.. 02... 5 8 10 10 25 20 > 50 
Power dissipated’ per 12 8-12 55 12-22 40-55 0.2-10 0.01 static 

gate, mW lat1 MHz 
Noise immunity,...... Nominal Good Excellent | Very good Good Nominal Very good 
Propagation delay4 

per gate, ng......... 12 30 90 12-6 4-1 300 70 
Clock rate,; MHz..... 8 12-30 4 15-60 60-400 2 5 
Number of functions’. High Fairly high | Nominal | Very high High Low Low 
Reforence............ Sec. 6-14 | Sec. 6-10 | Sec. 6-11 | See. 6-12 | Sec, 16-17] Sec. 10-7 Sec. 10-7 


TT  eeeSSSsesSSSFE 


* Positive logic. 

> Worst-case number of inputs that the gate can drive. 

¢ Typical; affected by temperature and frequency of operation. 

4 Typical for a nominal fan-out. 

«Maximum frequency at which flip-flops operate. The actual cloek rate is from one-half to one-tenth 
the frequency listed. 

‘ New functions are being added continuously by the manufacturers, except to DTL. However, TTL 
functions are compatible with DTL. 
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tions. These system building blocks are discussed in Chap. 17 and include 
flip-flops, counters, arithmetic functions, decoders, shift registers, ete. 

It should be clear that no single logie configuration can be best suited 
for all applications. A comparison of the major integrated-circuit digital logic 
families is given in Table 6-5. 
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REVIEW QUESTIONS 


6-1 Express the following decimal numbers in binary form: (a) 28: (8) 100; 
(ce) 5,127. 

6-2 Define (a) positive logic; (b) negative logic. 

6-3 Define an or gate and give its truth table. 

6-4 Draw a positive diode or gate and explain its operation. 

6-5 Evaluate the following expressions: (a) A + 1; (6) A+ A; (c) A+0. 

6-6 Define an anp gate and give its truth table. 

6-7 Draw a positive-diode anp gate and explain its operation. 

6-8 Evaluate the following expressions: (a) Al; (6) AA; (c) AO; (2) A+ AB, 
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6-9 Define a Nor gate and give its truth table. 

6-10 Draw a positive-logic Nor gate and explain its operation. 

6-11 Evaluate the following expressions: (2) A; (b) AA: (c) A + 4. 

6-12 A pulse waveform drives an n-p-n transistor from cutoff into saturation 
and then back to cutoff. (a) Draw the output current waveshape, lined up in time 
with the input voltage. (6) Indicate the following times on your sketch: delay, rise, 
ON, storage, fall, and oFr. 

6-13 (a) What is the physical origin of storage time? (b) Is it important in 
turning @ transistor ON or orF? Explain. (c) Draw the minority-carrier concentra- 
tion in the base; in the active region and in saturation, 

6-14 Define an inurpiTor and give the truth table for ABC. 

6-15 Define an ExcLusive on and give its truth table. 

6-16 Show two logic block diagrams for an EXCLUSIVE on. 

6-17 Verify that the following Boolean expressions represent an EXCLUSIVE OR: 
(a) AB + AB; (b) (A + B)(A -+ B). 

6-18 State the two forms of De Morgan’s laws, 

6-19 Show how to implement an anv with or and nor gates. 

6-20 Show how to implement an or with anp and Nor gates. 

6-21 Define a nNanp gate and give its truth table. 

6-22 Draw a positive NAND gate with diodes and a transistor (DTL) and explain 
its operation. 

6-23 Define a nor gate and give its truth table. 

6-24 Repeat Rev. 6-22 for a Nor gate. 

6-25 Draw the circuit of an IC DTL gate and explain its operation. 

6-26 Define (a) fan-out; (b) fan-in; (c) standard load; (d) current sink; (e) 
current source. 

6-27 What logic is performed if the outputs of two DTL gates are counected 
together? Explain. 

6-28 How does high-threshold logie (HTL) differ from DTL? 

6-29 Draw the circuit of a TTL gate and explain its operation. 

6-30 Draw a totem-pole output buffer with a TTL gate. Explain its operation. 

6-31 Repeat Rev. 6-30 for a DTL gate. 

6-32 Draw the circuit of an RTL gate and explain its operation for positive logic. 

6-33 Repeat Rev. 6-82 for negative logic. 

6-34 Draw a DCTL circuit and explain its operation. 

6-35 List three advantages and three disady antages of DCTL gates. 

6-36 Define (a) two threshold voltages; (b) propagation-delay On time; (c) propa- 
gatton-delay orF time; (d) propagation-delay time. 

6-37 Give an order of magnitude which is applicable to any of the logic families 
studied in this chapter for (a) fan-out; (b) power dissipation per gate; (c) propagation 
delay per gate; (d) clock rate. 


INTEGRATED CIRCUITS: 
FABRICATION AND 
CHARACTERISTICS 


An integrated circuit consists of a single-crystal chip of silicon, typi- 
cally 50 by 50 mils in cross section, containing both active and passive 
elements and their interconnections. Such circuits are produced by 
the same processes used to fabricate individual transistors and diodes. 
These processes include epitaxial growth, masked impurity diffusion, 
oxide growth, and oxide etching, using photolithography for pattern 
definition. A method of batch processing is employed which offers 
excellent repeatability and is adaptable to the production of large 
numbers of integrated circuits at low cost. In this chapter we 
describe the basic processes involved in fabricating an integrated 
circuit. 


7-1 INTEGRATED~CIRCUIT TECHNOLOGY 


The fabrication of integrated circuits is based.on materials, processes, 
and design principles which constitute a highly developed semicon- 
ductor (planar-diffusion) technology. The basic structure of an inte- 
grated circuit is shown in Pig. 7-1), and consists of four distinct layers 
of material. The bottom layer @ (6 mils thick) is p-type silicon 
and serves as a substrate upon which the integrated circuit is to be 
built. The second layer @ is thin (typically 25 pm = 1 mil) n-type 
material which is grown as a single-crystal extension of the substrate. 
All active and passive components are built within the thin n-type layer 
using a series of diffusion steps. These components are transistors, 
diodes, capacitors, and resistors, and they are made by diffusing p-type 
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and n-type impurities. The most complicated component fabricated is the 
transistor, and all other elements are constructed with one or more of the 
processes required to make a transistor. In the fabrication of all the above 
elements it is necessary to distribute impurities in certain precisely defined 
regions within the second (n-type) layer. The selective diffusion of impuri- 
ties is accomplished by using SiOz as a barrier which protects portions of 
the wafer against impurity penetration. Thus the third layer of material @ 
is silicon dioxide, and it also provides protection of the semiconduetor surface 
against contamination. In the regions where diffusion is to take place, the 
SiO, layer is etched away, leaving the rest of the wafer protected against 
diffusion. To permit selective etching, the SiO» layer must be subjected to 
a photolithographic process, described in Sec. 7-4. Finally, a fourth metallic 
(aluminum) layer @ is added to supply the necessary interconnections 
between components. 

The p-type substrate which is required as a foundation for the integrated 
circuit is obtained by growing an ingot (1 to 2 in. in diameter and about 10 
in. long) from a silicon melt with a predetermined number of impurities. The 
crystal ingot is subsequently sliced into round wafers approximately 6 mils 
thick, and one side of each wafer is lapped and polished to eliminate surface 
imperfections. 

We are now in a position to appreciate some of the significant advantages 
of the integrated-circuit technology. Let us consider a I-in.-square wafer 
divided into 400 chips of surface area 50 mil by 50 mil. We demonstrate in this 
chapter that a reasonable area under which a component (say, a transistor) is 
fabricated is 50 mils’. Hence each chip (each integrated circuit) contains 
50 separate components, and there are 50 X 400 = 20,000 components/in.? 
on each wafer. 

If we process 10 wafers in a batch, we can manufacture 4,000 integrated 
circuits simultaneously, and these contain 200,000 components. Some of the 
chips will contain faults due to imperfections in the manufacturing process, 
but the yzeld (the percentage of fault-free chips per wafer) is extremely large. 

The following advantages are offered by integrated-cireuit technology 
as compared with discrete components interconnected by conventional 
techniques: 


1. Low cost (due to the large quantities processed). 

2. Small size. 

3. High reliability. (All components are fabricated simultaneously, and 
there are no soldered joints.) 

4. Improved performance. (Because of the low cost, more complex cir- 
cuitry may be used to obtain better functional characteristics.) 


In the next sections we examine the processes required to fabricate an 
integrated circuit. 
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7-2 BASIC MONOLITHIC INTEGRATED CIRCUITS!2 


We now examine in some detail the various techniques and processes required 
to obtain the circuit of Fig. 7-1a@ in an integrated form, as shown in Vig. 7-1b. 
This configuration is called a monolithic integrated circuit because it is formed 
on a single silicon chip. The word ‘‘monolithic” is derived from the Greek 
monos, meaning “‘single,” and lithos, meaning “stone.’? Thus a monolithic 
circuit is built into a single stone, or single crystal. 

In this section we describe qualitatively a complete epitaxial-diffused 
fabrication process for integrated circuits. In subsequent sections we examine 
in more detail the epitaxial, photographic, and diffusion processes involved. 
The logie circuit of Fig. 7-1a is chosen for discussion because it contains typical 
components: @ resistor, diodes, and 1 transistor. These elements (and also 
capacitors with small values of capacitances) are the components encountered 
in integrated circuits. The monolithic circuit is formed by the steps indicated 
in Fig. 7-2 and described below. 


Step 1. Epitaxial Growth An n-type epitaxial layer, typically 25 um 
thick, is grown onto a p-type substrate which has a resistivity of typically 
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Fig. 7-1 (a) A circuit containing a resistor, two diodes, and a tran- 
sistor. (b) Cross-sectional view of the circuit in (a) when transformed 
into a monolithic form (not drawn to scale). The four layers are @) 
substrate, @ n-type crystal containing the integrated circuit, @) silicon 
dioxide, and G@) aluminum metalization. (After Phillips.2- Not drawn 
to scale.) 
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10 Q-em, corresponding to N4 = 1.4 X 1015 atoms ‘em’. The epitaxial 
process described in Sec. 7-3 indicates that the resistivity of the n-type epitaxial 
layer can be chosen independently of that of the substrate. Values of 0.1 to 
0.5 Q-cm are chosen for the n-type layer. After polishing and cleaning, a thin 
layer (0.5 um = 5,000 A) of oxidé, SiO», is formed over the entire wafer, as 
shown in Fig. 7-2a. The SiQ, is grown by exposing the epitaxial layer to an 
oxygen atmosphere while being heated to about 1000°C. Silicon dioxide has 
the fundamental property of preventing the diffusion of impurities through it. 
Use of this property is made in the following steps. 


Step 2. Isolation Diffusion In lig. 7-2b the wafer is shown with the 
oxide removed in four different places on the surface. This removal is accom- 
plished by means of a photolithographic etching process described in Sec. 7A, 
The remaining SiO, serves as a mask for the diffusion of acceptor impurities 
(in this case, boron). The wafer is now subjected to the so-called dsolation 
diffusion, which takes place at the temperature and for the time interval 
required for the p-type impurities to penetrate the n-type epitaxial layer and 
reach the p-type substrate. We thus leave the shaded n-type regions in Fig. 
7-2b. These sections are ealled isolation islands, or isolated regions, because 
they are separated by two back-to-back p-n junctions. Their purpose is to 
allow electrical isolation between different circuit components. Jor example, 
it will become apparent later in this section that a different isolation region 
must be used for the collector of each Separate transistor. The p-type sub- 
trate must always be held at a negative potential with respect to the isolation 
islands in order that the p-n junctions be reverse-biased. If these diodes were 
to become forward-biased in an operating circuit, then, of course, the isolation 
would be lost. 

It should be noted that the concentration of acceptor atoms (Na =5X 
10° cm~) in the region between isolation islands will generally be much higher 
(and hence indicated as p+) then in the p-type substrate. The reason for this 
higher density is to prevent the depletion region of the reverse-biased isolation- 
to-substrate junction from extending into pt-type material Gee. 3-7) and possi- 
bly connecting two isolation islands. 

Parasitic Capactiance It is now important to consider that these isola- 
tion regions, or junctions, are connected by a significant barrier, or transition 
capacitance C'r,, to the p-type substrate, which capacitance can affect the oper- 
ation of the circuit. Since Cr, is an undesirable by-product of the isolation 
process, it is called the parasitée capacitance, 

The parasitic capacitance is the sum of two components, the capacitance 
C; from the bottom of the n-type region to the substrate (Jig. 7-2b) and C2 
from the sidewalls of the isolation islands to the p+ region. The bottom com- 
ponent, C), results from an essentially step junction due to the epitaxial growth 
(Sec. 7-3), and hence varies inversely as the square root of the voltage V 
between the isolation region and the substrate (Sec. 3-7). The sidewall capaci- 
tance C’, is associated with a diffused graded junction, and it varies as V-?, 
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Fig. 7-2. The steps involved in fabricating a monolithic circuit (not 


drawn to scale). (a) Epitaxial growth; (b) isolation diffusion; 
(c) base diffusion; (d) emitter diffusion; (e) aluminum metalization. 
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For this component the junction area is equal to the perimeter of the isolation 
region times the thickness y of the epitaxial n-type layer. The total capaci- 
tance is of the order of a few picofarads. 


Step 3. Base Diffusion During this process a new layer of oxide is 
formed over the wafer, and the photolithographie process is used again to create 
the pattern of openings shown in Fig. 7-2c. The p-type impurities (boron) are 
diffused through these openings. In this way are formed the transistor base 
regions as well as resistors, the anode of diodes, and junction capacitors (Gf 
any). Itis important to control the depth of this diffusion so that it is shallow 
and does not penetrate to the substrate. The resistivity of the base layer will 
generally be much higher than that of the isolation regions. 


Step 4. Emitter Diffusion A layer of oxide is again formed over the 
entire surface, and the masking and etching processes are used again to open 
windows in the p-type regions, as shown in Fig. 7-2d. Through these open- 
ings are diffused n-type impurities (phosphorus) for the formation of transistor 
emitters, the cathode regions for diodes, and junction capacitors. 

Additional windows (such as W, and W, in Fig. 7-2d) are often made 
into the n regions to which a lead is to be connected, using aluminum as the 
ohmic contact, or interconnecting metal. During the diffusion of phosphorus 
a heavy concentration (ealled n+) is formed at the points where contact with 
aluminum is to be made. Aluminum is a p-type impurity in silicon, and a 
large concentration of phosphorus prevents the formation of a p-n junction 
when the aluminum is alloyed to form an ohmic contact.‘ 


Step 5. Aluminum Metalization All p-n junctions and resistors for the 
circuit of Fig. 7-la have been formed in the preceding steps. It is now neces- 
sary to interconnect the various components of the integrated circuit as dic- 
tated by the desired circuit. To make these connections, a fourth set of 
windows is opened into a newly formed SiO, layer, as shown in Fig. 7-2e, at 
the points where contact is to be made. The interconnections are made first, 
using vacuum deposition of a thin even coating of aluminum over the entire 
wafer. The photoresist technique is now applied to etch away all undesired 
aluminum areas, leaving the desired pattern of interconnections shown in 
Fig. 7-2e between resistors, diodes, and transistors. 

In production a large number (several hundred) of identical circuits such 
as that of Fig. 7-la are manufactured simultaneously on a single wafer. After 
the metalization process has been completed, the wafer is scribed with a 
diamond-tipped tool and separated into individual chips. Each chip is then 
mounted on a ceramic wafer and is attached to a suitable header. The pack- 
age leads are connected to the integrated circuit by stitch bonding! of a 1-mil 
aluminum or gold wire from the terminal pad on the circuit to the package 
lead (Fig. 7-27). 
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Summary In this section the epitaxial-diffused method of fabricating 
integrated circuits is described. We have encountered the following processes: 


. Crystal growth of a substrate 

. Epitaxy 

. Silicon dioxide growth 

. Photoetching 

. Diffusion 

. Vacuum evaporation of aluminum 


aon Pr wn 


Using these techniques, it is possible to produce the following elements 
on the same chip: transistors, diodes, resistors, capacitors, and aluminum 
interconnections. 


7-3 EPITAXIAL GROWTH? 


The epitaxial process produces a thin film of single-crystal silicon from the 
gas phase upon an existing crystal wafer of the same material. The epitaxial 
layer may be either p-type or n-type. The growth of an epitaxial film with 
impurity atoms of boron being trapped in the growing film is shown in Fig. 7-3. 
The basic chemical reaction used to describe the epitaxial growth of pure 
silicon is the hydrogen reduction of silicon tetrachloride: 
1200°C 


SiCl, + 2H, —— 8i + 4HCl (7-1) 


Since it is required to produce epitaxial films of specific impurity concen- 
trations, it is necessary to introduce impurities such as phosphine for n-type 
doping or biborane for p-type doping into the silicon tetrachloride—hydrogen 


) 
C1 (sicr) @) Gi) Gas phase 
a@® (cr) oe (si) ° Fig. 7-3. The epitaxial 
growth of an epitaxial film 
® showing impurity (boron) 
Gi) atoms being trapped in the 
Epitaxial film 


; growing film. (Courtesy of 
®) @) S a ©) @ m Moterola, Inc.) 
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Fig. 7-4 A diagram- 
matic representation of 
a system for production 
growth of silicon epi- 
taxial films. (Courtesy 
of Motorola, Inc.*) 


Graphite boat 


gas stream. An apparatus for the production of an epitaxial layer is shown in 
Fig. 7-4. In this system a long cylindrical quartz tube is encircled by a 
radio-frequency induction coil. The silicon wafers are placed on a rectangular 
graphite rod called a boat. The boat is inserted in the reaction chamber, and 
the graphite is heated inductively to about 1200°C. At the input of the 
reaction chamber a control console permits the introduction of various gases 
required for the growth of appropriate epitaxial layers. Thus it is possible 
to form an almost abrupt step p-n junction similar to the junction shown in 
Fig. 3-10. 


7-4 MASKING AND ETCHING! 


The monolithic technique described in Sec. 7-2 requires the selective removal 
of the SiO» to form openings through which impurities may be diffused. The 
photoetching method used for this removal is illustrated in Fig. 7-5. During 
the photolithographic process the wafer is coated with a uniform film of a photo- 
sensitive emulsion (such as the Kodak photoresist KPR). A large black-and- 
white layout of the desired pattern of openings is made and then reduced 
photographically. This negative, or stencil, of the required dimensions is 
placed as a mask over the photoresist, as shown in Fig. 7-5a. By exposing 
the KPR to ultraviolet light through the mask, the photoresist becomes 
polymerized under the transparent regions of the stencil. The mask is now 
removed, and the wafer is “developed” by using a chemical (such as trichloro- 
ethylene) which dissolves the unexposed (unpolymerized) portions of the 
photoresist film and leaves the surface pattern as shown in Fig. 7-56. The 
emulsion which was not removed in development is now jized, or cured, SO 
that it becomes resistant to the corrosive etches used next. The chip is 
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Fig. 7-5 Photoetching technique. (a) Masking and exposure to 
ultraviolet radiation. (b) The photoresist after development. 


immersed in an etching solution of hydrofluoric acid, which removes the oxide 
from the areas through which dopants are to be diffused. Those portions of 
the $10, which are protected by the photoresist are unaffected by the acid. 
After etching and diffusion of impurities, the resist mask is removed (stripped) 
with a chemical solvent (hot H,SO,) and by means of a mechanical abrasion 
process. 


7-5 DIFFUSION OF IMPURITIES® 


The most important process in the fabrication of integrated circuits is the 
diffusion of impurities into the silicon chip. We now examine the basic theory 
connected with this process. The solution to the diffusion equation will give 
the effect of temperature and time on the diffusion distribution. 


The DiffusionLaw The equation governing the diffusion of neutral atomsis 


oN aN 
where WN is the particle concentration in atoms per unit volume as a function 
of distance x from the surface and time ¢, and D is the diffusion constant in 
area per unit time. 


The Complementary Error Function If an intrinsic silicon wafer is 
exposed to a volume of gas having a uniform concentration NV, atoms per unit 
volume of ”-type impurities, such as phosphorus, these atoms will diffuse into 
the silicon crystal, and their distribution will be as shown in Fig. 7-60. If 
the diffusion is allowed to proceed for extremely long times, the silicon will 
become uniformly doped with N. phosphorus atoms per unit volume. The 
basic assumptions made here are that the surface concentration of impurity 
atoms remains at N, for all diffusion times and that N(z) = 0 at ¢ = 0 for 
a2>o. , 
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If Eq. (7-2) is solved and the above boundary conditions are applied, 


N(w,t) = No ( a ) = N, erte — (7-8) 


2SDi 2SDi 


where erfe y means the error-function complement of y, and the error funetion 
of y is defined by 


= 2 ft eu a 
orfy = 7 fi « dn (7-4) 


and is tabulated in Ref. 38. The function erfc y = 1 — erf y is plotted in 
Fig. 7-7. 


The Gaussian Distribution If a specific number Q of impurity atoms 
per unit area are deposited on one face of the wafer, and then if the material is 
heated, the impurity atoms will again diffuse into the silicon. When the 


boundary conditions ie N(x) dx = Q for all times and N(x) = 0 at i =0 
for z > 0 are applied to Eq. (7-2), we find 


N(z, ) = Sai ene7/4Dt (7-5) 


Equation (7-5) is known as the Gaussian distribution, and is plotted in Fig. 
7-6) for two times. It is noted from the figure that as time increases, the sur- 
face concentration decreases. The area under each curve is the same, how- 
ever, since this area represents the total amount of impurity being diffused, and 


Silicon 
surface 
ty> ty 


(a) (d) 
Fig. 7-6 The concentration V as a function of distance x into a silicon chip for 
two values ¢; and t: of the diffusion time. (a) The surface concentration is held 


constant at N, per unit volume. (b) The total number of atoms on the surface is 
held constant at Q per unit area. 
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5x 107 Fig. 7-7 The complemen- 


erfc y 


tary error function plotted 


107 on semilogarithmic paper, 


0 1 2 3 y 


this is a constant amount Q@. Note that in Eqs. (7-3) and (7-5) time é and the 
diffusion constant D appear only as a product Dt. © 


Solid Solubility!® The designer of integrated circuits may wish to produce 
a specific diffusion profile (say, the complementary error function of an n-type 
impurity). In deciding which of the available impurities (such as phosphorus, 
arsenic, antimony) can be used, it is necessary to know if the number of atoms 
per unit volume required by the specific profile of Eq. (7-3) is less than the 
diffusant’s solid solubility. The solid solubility is defined as the maximum 


concentration N, of the element which can be dissolved in the solid silicon 
at a given temperature. Figure 7-8 shows solid solubilities of some impurity 
Mm 
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elements. It can be seen that, since for phosphorus the solid solubility is 
approximately 1071 atoms/cm? and for pure silicon we have 5 X 1022 atoms’ 
em$, the maximum concentration of phosphorus in silicon is 2 percent. For 
most of the other impurity elements the solubility is a small fraction of 1 
percent. 


Diffusion Coefficients Temperature affects the diffusion process because 
higher temperatures give more energy, and thus higher velocities, to the 
diffusant atoms. It is clear that the diffusion coefficient is a function of 
temperature, as shown in Fig. 7-9. From this figure it can be deduced that 
the diffusion coefficient could be doubled for a few degrees inerease in tem- 
perature. This critical dependence of D on temperature has forced the 
development of accurately controlled diffusion furnaces, where temperatures 
in the range of 1000 to 1300°C can be held to a tolerance of +0.5°C or better. 
Since time ¢ in Eqs. (7-3) and (7-5) appears in the product Di, an increase 
in either diffusion constant or diffusion time has the same effect on diffusant 
density. 

Note from Fig. 7-9 that the diffusion coefficients, for the same tempera- 
ture, of the n-type impurities (antimony and arsenic) are lower than the 
coefficients for the p-type impurities (gallium and aluminum), but that phos- 
phorus (n-type) and boron (p-type) have the same diffusion coefficients. 


Typical Diffusion Apparatus Reasonable diffusion times require high 
diffusion temperatures (~1000°C). Therefore a high-temperature diffusion 
furnace, having a closely controlled temperature over the length (20 in.) of 
the hot zone of the furnace, is standard equipment in a facility for the fabrica- 
tion of integrated circuits. Impurity sources used in connection with diffu- 
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Fig. 7-10 Schematic representation of typical apparatus for POCIs diffusion. 
(Courtesy of Motorola, Inc.!) 


sion furnaces can be gases, liquids, or solids. For example, POCls, which is 
a liquid, is often used as a source of phosphorus. Figure 7-10 shows the 
apparatus used for POCI, diffusion. In this apparatus a carrier gas (mixture 
of nitrogen and oxygen) bubbles through the liquid-diffusant source and 
carries the diffusant atoms to the silicon wafers. Using this process, we 
obtain the complementary-error-function distribution of Eq. (7-3). A two- 
step procedure is used to obtain the Gaussian distribution. The first step 
involves predeposition, carried out at about 900°C, followed by drive-in at 
about 1100°C. 


EXAMPLE Auniformly doped n-type silicon epitaxial layer of 0.5 0-em resistivity 
is subjected to a boron diffusion with constant surface concentration of 5 & 1018 
em~*. It is desired to form a p-n junction at a depth of 2.7 um. At what tem- 
perature should this diffusion be carried out if it is to be completed in 2 hr? 


Solution The concentration N of boron is high at the surface and falls off with 
distance into the silicon, as indicated in Fig. 7-6a. At that distance x = 2; 
at which N equals the concentration 7 of the doped silicon wafer, the net impurity 
density is zero. For « < 2;, the net impurity density is positive, and for x > 2,, 
it is negative. Hence x; represents the distance from the surface at which a 
junction is formed. We first find 2 from Eq, (2-8): 

o 1 

n= 0.96 & 1026 cm=3 

ag (0.5) (1,800) (1.60 & 10779) 
where all distances are expressed in centimeters and the mobility ya for silicon 
is taken from Table 2-1, on page 29. The junction is formed when N = n. For 


N n 0.96 X 1015 
erfe y = = = 
Ne Ne 5 X 1018 


= 1.98 x L073 
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we find from Fig. 7-7 that y = 2.2. Hence 


Xj ad 2.7 x 1074 


2.2. = = = 
2VDt 2VWD x 2X 3,600 


Solving for D, we obtain D = 5.2 K 10-" cm?2/sec. This value of diffusion con- 
stant for boron is obtained from Fig. 7-9 at T = 1130°C. 


7-6 TRANSISTORS FOR MONOLITHIC CIRCUITS}? 


A planar transistor made for monolithic integrated circuits, using epitaxy and 
diffusion, is shown in Fig. 7-1la. Here the collector is electrically separated 
from the substrate by the reverse-biased isolation diodes. Since the anode 
of the isolation diode covers the back of the entire wafer, it is necessary to 
make the collector contact on the top, as shown in Fig. 7-lle. It is now 
clear that the isolation diode of the integrated transistor has two undesirable 
effects: it adds a parasitic shunt capacitance to the collector and a leakage 
current path. In addition, the necessity for a top connection for the collector 
increases the collector-current path and thus increases the collector resistance 
and Versa. All these undesirable effects are absent from the discrete epi- 
taxial transistor shown in Vig. 7-11b. What is then the advantage of the 
monolithic transistor? A significant improvement in performance arises from 
the fact that integrated transistors are located physically close together and 
their electrical characteristics are closely matched. Vor example, integrated 
transistors spaced within 30 mils (0.03 in.) have Vax matching of better than 
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5 mV with less than 10 nV/°C drift and an hrg match of +10 percent. These 
matched transistors make excellent difference amplifiers (Sec. 15-3). 

The electrical characteristics of a transistor depend on the size and 
geometry of the transistor, doping levels, diffusion schedules, and the basic 
silicon material. Of all these factors the size and geometry offer the greatest 
flexibility for design. The doping levels and diffusion schedules are deter- 
mined by the standard processing schedule used for the desired transistors in 
the integrated circuit. 


Impurity Profiles for Integrated Transistors! Figure 7-12 shows a typical 
impurity profile for a monolithic integrated circuit transistor. The back- 
ground, or epitaxial-collector, concentration Nc is shown as a dashed line in 
Fig. 7-12. The base diffusion of p-type impurities (boron) starts with a sur- 
face concentration of 5 X 1018 atoms/cm‘, and is diffused to a depth of 2.7 
pm, where the collector junction is formed. The emitter diffusion (phos- 
phorus) starts from a much higher surface concentration (close to the solid 
solubility) of about 10?! atoms/cm, and is diffused to a depth of 2 um, where 
the emitter junction is formed. This junction corresponds to the intersection 
of the base and emitter distribution of impurities. We now see that the base 
thickness for this monolithic transistor is 0.7 ym. The emitter-to-base junc- 
tion is usually treated as a step-graded junction, whereas the base-to-collector 
junction is considered a linearly graded junction. 


EXAMPLE (a) Obtain the equations for the impurity profiles in Fig. 7-12. 
(b) If the phosphorus diffusion is conducted at 1100°C, how long should be 
allowed for this diffusion? 
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Solution a. The base diffusion specifications are exactly those given in the 
example on page 208, where we find (with x expressed in micrometers) that 


or 


Hence the boron profile, given by Eq. (7-3), is 
Na = 5 X 10! erfo 
1,23 


The emitter junction is formed at x = 2 um, and the boron concentration here is 


5 x 1018 k 2 x 10°? 
1.0 K 1017 em73 


2 
Ns = 5 X 1038 erfe — 
B x erfc 1.23 


ll 


The phosphorus concentration Np is given by 


x 
Np = 107! erfc 
2VDt 
Atz = 2, Np = Ng = 1.0 XK 10", so that 
17 
et ON ae ek 
2VDt 167 


From Fig. 7-7, 2/(2-V Di) = 2.7 and 2°~/Di = 0.75 wm. Hence the phos- 
phorus profile is given by 


z 
Np = 102! erfe — 
Be Ora 


b. From Fig. 7-9, at 7 = 1100°C, D = 3.8 X 10-13 cm2,sec. Solving for 
(from 2°V Dt = 0.74 um, we obtain 


(0.387 * 1074)? 
3.8 X 10718 


= 3,600 s = 60 min 


Monolithic Transistor Layout!:? The physical size of a transistor deter- 
mines the parasitic isolation capacitance as well as the junction capacitance. 
It is therefore necessary to use small-geometry transistors if the integrated 
circuit is designed to operate at high frequencies or high switching speeds. 
The geometry of a typical monolithic transistor is shown in Fig. 7-13. The 
emitter rectangle measures 1 by 1.5 mils, and is diffused into a 2.5- by 4.0-mil 
base region. Contact to the base is made through two metalized stripes on 
either side of the emitter. The rectangular metalized area forms the ohmic 
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Fig. 7-13 A typical double-base stripe geometry of an integrated- 
circuit transistor. Dimensions are in mils. (For a side view of the 
transistor see Fig. 7-11.) (Courtesy of Motorola Monitor.) 


contact to the collector region. The rectangular collector contact of this 
transistor reduces the saturation resistance. The substrate in this structure 
is located about 1 mil below the surface. Since diffusion proceeds in three 
dimensions, it is clear that the lateral-digfusion distance will also be 1 mil. The 
dashed rectangle in Fig. 7-13 represents the substrate area and is 6.5 by 8 
mils. A summary of the electrical properties? of this transistor for both the - 
0.5- and the 0.1-2-cm collectors is given in Table 7-1, 


Buried Layer! We noted above that the integrated transistor, because of 
the top collector contact, has a higher collector series resistance than a similar 
discrete-type transistor. One common method of reducing the collector series 
resistance is by means of a heavily doped n+ “buried” layer sandwiched 
between the p-type substrate and the n-type epitaxial collector, as shown in 
Fig. 7-14. The buried-layer structure can be obtained by diffusing the nt 
layer into the substrate before the n-type epitaxial collector is grown or by 
selectively growing the n+-type layer, using masked epitaxial techniques. 

We are now in a position to appreciate one of the reasons why the inte- 
grated transistor is usually of the n-p-n type. Since the collector region is 
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TABLE 7-1 Characteristics for 1- by 1.5-mil double- 
base stripe monolithic transistors” 


Transistor parameter 0.5 Q-em | 0.1 Q-cmt 

BV cb; Vis ova wistenk eevee, 55 25 
BV ezso, DV aosina sti Witis dats Puta eee ae 7 5.5 
BV GH0; Visa cet teas baste othe 23 14 
Cretorward bias, PF......-2 2.2 ee 6 10 
Ce. Bt 0S Vy DE ous ce 65 25 ei wa 1.5 2.5 
Creat 5 V, pF... eee eee 0.7 1.5 
hye at l0mA................... 50 50 
Rog; Qastagd casas aeiinnale a Gee ota 75 15 
Vozyeat at 5 mA, Vv SPA aoe Seat, eee ale 0.5 0.26 
Var at l0mA, V................ 0.85 0,85 
fr at 5 V,5mA, MUz............| 440 520 


t Gold-doped. 


subjected to heating during the base and emitter diffusions, it is necessary 
that the diffusion coefficient of the collector impurities be as small as possible, 
to avoid movement of the collector junction. Since Fig. 7-9 shows that 
n-type impurities have smaller values of diffusion constant D than p-type 
impurities, the collector is usually n-type. In addition, the solid solubility 
of some -type impurities is higher than that of any p-type impurity, thus 
allowing heavier doping of the n*-type emitter and other n+ regions. 


Lateral p-n-p Transistor? The standard integrated-cireuit transistor is 
an n-p-n type, as we have already emphasized. In some applications it is 
required to have both n-p-n and p-n-p transistors on the same chip. The 
lateral p-n-p structure shown in Fig. 7-15 is the most common form of the 
integrated p-n-p transistor. This p-n-p uses the standard diffusion techniques 
as the n-p-n, but the last n diffusion (used for the n-p-n transistor) is eliminated. 
While the p base for the n~p-n transistor is made, the two adjacent p regions 
are diffused for the emitter and collector of the p-n-p transistor shown in Fig. 
7-15. Note that the current flows laterally from emitter to collector. Because 
of inaccuracies in masking, and because, also, of lateral diffusion, the base 
width between emitter and collector is large (about 1 mil compared with 1 pm 
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Fig. 7-15 A p-n-p lateral 
transistor. 
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for an n-p-n base). Hence the current gain of the p-n-p transistor is very low 
(0.5 to 5) instead of 50 to 300 for the n-p-n device. Since the base-p resistivity 
of the n-p-n transistor is relatively high, the collector and emitter resistances 
of the p-n-p device are high. 


Vertical p-n-p Transistor? This transistor uses the substrate for the p 
collector; the n epitaxial layer for the base; and the p base of the standard 
n-p-n transistor as the emitter of this p-n-p device. We have already empha- 
sized that the substrate must be connected to the most negative potential in 
the circuit. Hence a vertical p-n-p transistor can be used only if its collector 
is at a fixed negative voltage. Such a configuration is called an emitter follower, 
and is discussed in Sec. 8-8. 


Supergain n-p-n Transistor? If the emitter is diffused into the base 
region so as to reduce the effective base width almost to the point of punch- 
through (Sec. 5-13), the current gain may be increased drastically (typically, 
5,000). However, the breakdown voltage is reduced to a very low value (say, 
5V). If such a transistor in the CE configuration is operated in series with a 
standard integrated CB transistor (such a combination is called a cascode 
arrangement), the superhigh gain can be obtained at very low currents and 
with breakdown voltages in excess of 50 V. 


7-7 MONOLITHIC DIODES! 


The diodes utilized in integrated circuits are made by using transistor struc- 
tures in one of five possible connections (Prob. 7-9). The three most popular 
diode structures are shown in Fig. 7-16. They are obtained from a transistor 
structure by using the emitter-base diode, with the collector short-circuited 
to the base (a); the emitter-base diode, with the collector open (b); and the 
collector-base diode, with the emitter open-circuited (or not fabricated at all) 
(c). The choice of the diode type used depends upon the application and cir- 
cuit performance desired. Collector-base diodes have the higher collector-base 
voltage-breaking rating of the collector junction (~12 V minimum), and they 
are suitable for common-cathode diode arrays diffused within a single isolation 
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Fig. 7-16 Cross section of 
various diode structures. 
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island, as shown in Fig. 7-17a. Common-anode arrays can also be made with 
the collector-base diffusion, as shown in Fig. 7-176. <A separate isolation is 
required for each diode, and the anodes are connected by metalization. 

The emitter-base diffusion is very popular for the fabrication of diodes 
provided that the reverse-voltage requirement of the circuit does not exceed 
the lower base-emitter breakdown voltage (~7 V). Common-anode arrays 
can easily be made with the emitter-base diffusion by using a multiple-emitter 
transistor within a single isolation area, as shown in Fig. 7-18. The collector 
may be either open or shorted to the base. The diode pair in Fig. 7-1 is con- 
structed in this manner, with the collector floating (open). 


Diode Characteristics The forward volt-ampere characteristics of the 
three diode types discussed above are shown in Fig. 7-19. It will be observed 
that the diode-connected transistor (emitter-base diode with collector shorted 
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Fig. 7-17 Diode pairs. (a) Common-cathode pair and (b) common- 
anode pair, using collector-base diodes. 
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to the base) provides the highest conduction for a given forward voltage. 
The reverse recovery time for this diode is also smaller, one-third to one-fourth 
that of the collector-base diode. 


7-8 INTEGRATED RESISTORS! 


A resistor in a monolithic integrated circuit is very often obtained by utilizing 
the bulk resistivity of one of the diffused areas. The p-type base diffusion 
ig most commonly used, although the n-type emitter diffusion is also employed. 
Since these diffusion layers are very thin, it is convenient to define a quantity 
known as the sheet resistance Rs. 


Sheet Resistance If, in Fig. 7-20, the width w equals the length 1, we 
have a square 1 by I of material with resistivity p, thickness y, and cross-sec- 
tional area A = ly. The resistance of this conductor (in ohms per square) is 
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6 


acteristics for the three diode types of 

Fig. 7-16. (a) Base-emitter (collector 
shorted to base); (b) base-emitter (collec- 
tor open); (c) collector-base (emitter open). 
(Courtesy of Fairchild Semiconductor.) 
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Fig. 7-20 Pertaining to sheet re- 
sistance, ohms per square. 


Note that Ag is independent of the size of the square. Typically, the sheet 
resistance of the base and emitter diffusions whose profiles are given in Fig. 
7-12 is 200 Q/square and 2.2 2/square, respectively. 

The construction of a base-diffused resistor is shown in Fig. 7-1 and is 
repeated in Fig. 7-2la. A top view of this resistor is shown in Fig. 7-210. 
The resistance value may be computed from 


=— = Rs— (7-7) 


where 7 and w are the length and width of the diffused area, as shown in the 
top view. For example, a base-diffused-resistor stripe 1 mil wide and 10 
mils long contains 10 (1 by 1 mil) squares, and its value is 10 X 200 = 2,000Q. 
Empirical!? corrections for the end contacts are usually included in calculations 
of FR. 


Resistance Values Since the sheet resistance of the base and emitter 
diffusions is fixed, the only variables available for diffused-resistor design are 
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Fig. 7-21 A monolithic resistor. (a) Cross- (a) 
sectional view; (b) top view. 
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Fig. 7-22 The equivalent circuit 
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stripe length and stripe width. Stripe widths of less than 1 mil (0.001 in.) 
are not normally used because a line-width variation of 0.0001 in. due to 
mask drawing error or mask misalignment or photographic-resolution error 
can result in 10 percent resistor-tolerance error. 

The range of values obtainable with diffused resistors is limited by the 
size of the area required by the resistor. Practical range of resistance is 20 Q 
to 30 K for a base-diffused resistor and 10 Q to 1 K for an emitter-diffused 
resistor. The tolerance which results from profile variations and surface 
geometry errors! is as high as +10 percent of the nominal value at 25°C, 
with ratio tolerance of +1 percent. For this reason the design of integrated 
circuits should, if possible, emphasize resistance ratios rather than absolute 
values. The temperature coefficient for these heavily doped resistors is posi- 
tive (for the same reason that gives a positive coefficient to the silicon sensistor, 
discussed in Sec. 2-7) and is +0.06 percent/°C from —55 to 0°C and +0.20 
percent/°C from 0 to 125°C. 


Equivalent Circuit A model of the diffused resistor is shown in lig. 7-22, 
where the parasitic capacitances of the base-isolation (C,) and isolation-sub- 
strate (Cz) Junctions are included. In addition, it can be seen that a parasitic 
p-n-p transistor exists, with the substrate as collector, the isolation n-type 
region as base, and the resistor p-type material as the emitter. The collector 
is reverse-biased because the p-type substrate is at the most negative potential. 
It is also necessary that the emitter. be reverse-biased to keep the parasitic 
transistor at cutoff. This condition is maintained by placing all resistors in 
the same isolation region and connecting the n-type isolation region surround- 
ing the resistors to the most positive voltage present in the circuit. Typical 
values of h,, for this parasitic transistor range from 0.5 to 5. 


Thin-film Resistors! A technique of vapor thin-film deposition can also be 
used to fabricate resistors for integrated circuits. The metal (usually nichrome 
NiCr) film is deposited (to a thickness at less than 1 um) on the silicon dioxide 
layer, and masked etching is used to produce the desired geometry. The 
metal resistor is then covered by an insulating layer, and apertures for the 
ohmic contacts are opened through this insulating layer. Typical sheet- 
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resistance values for nichrome thin-film resistors are 40 to 400 /square, 
resulting in resistance values from about 20 2 to 50 K. 


7-9 INTEGRATED CAPACITORS AND INDUCTORS}? 


Capacitors in integrated circuits may be obtained by utilizing the transition 
capacitance of a reverse-biased p-n junction or by a thin-film technique. 


Junction Capacitors A cross-sectional view of a junction capacitor is 
shown in Fig. 7-23a. The capacitor is formed by the reverse-biased junction 
Je, which separates the epitaxial n-type layer from the upper p-type diffusion 
area. An additional junction J; appears between the n-type epitaxial plane 
and the substrate, and a parasitic capacitance C1 is associated with this reverse- 
biased junction. The equivalent circuit of the junction capacitor is shown 
in Fig, 7-23b, where the desired capacitance Cz should be as large as possible 
relative to Ci. The value of Cz depends on the junction area and impurity 
concentration. Since this junction is essentially abrupt, Cz is given by Eq. 
(3-23). The series resistance R (10 to 50 2) represents the resistance of the 
n-type layer. 

It is clear that the substrate must be at the most negative voltage so 
as to minimize C; and isolate the capacitor from other elements by keeping 
junction J, reverse-biased. It should algo be pointed out that the junction 
capacitor Cy is polarized since the p-n junction Jz must always be reverse- 
biased. 


Thin-film Capacitors A metal-oxide-semiconductor (MOS) nonpolarized 
capacitor is indicated in Fig. 7-24a. This structure is a parallel-plate capac- 
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Fig. 7-23 (a) Junction monolithic capacitor. (b) Equivalent circuit. (Courtesy 
of Motorola, Inc.) 
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Fig. 7-24 An MOS capacitor. (a) The structure; (b) the equivalent circuit. 


itor with SiO. as the dielectric. A surface thin film of metal (aluminum) is 
the top plate. The bottom plate consists of the heavily doped n* region that 
is formed during the emitter diffusion. A typical value for capacitance? is 
0.4 pF//mil?® for an oxide thickness of 500 A, and the capacitance varies inversely 
with the thickness. 

The equivalent circuit of the M[OS capacitor is shown in Fig. 7-24b, 
where C, denotes the parasitic capacitance J, of the collector-substrate junc- 
tion, and &@ is the small series resistance of the n+ region. Table 7-2 lists the 
range of possible values for the parameters of junction and MOS capacitors. 


TABLE 7-2 Integrated capacitor parameters 
Diffused-junction 
Characteristic capacitor Thin-film MOS 
, at 

Capacitance, pF/mil RA based 8 0.2 0.25-0.4 
Maximum area, mil?........... 2X 103 

: 2 X 103 
Maximum value, pF........... 400 800 
Breakdown voltage, V.......... 5-20 50-200 
Voltage dependence............ kv-3 0 
Tolerance, percent............. +20 +20 


Inductors No practical inductance values have been obtained at the 
present time (1972) on silicon substrates using semiconductor or thin-flm 
techniques. Therefore their use is avoided in circuit design wherever possible. 
If an inductor is required, a discrete component is connected externally to the 
integrated circuit. 


Characteristics of Integrated Components Based upon our discussion 
of integrated-circuit technology, we can summarize the significant charac- 
teristics of integrated circuits (in addition to the advantages listed in Sec. 7-1). 
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1. A restricted range of values exists for resistors and capacitors. Typi- 
cally, 102 < R < 30 Kand C < 200 pF. 

2. Poor tolerances are obtained in fabricating resistors and capacitors of 
specific magnitudes. For example, +20 percent of absolute values is typical. 
Resistance ratio tolerance can be specified to +1 percent because all resistors 
are made at the same time using the same techniques. 

3. Components have high-temperature coefficients and may also be volt- 
age-sensitive. 

4. High-frequency response is limited by parasitic capacitances. 

5. The technology is very costly for small-quantity production. 

6. No practical inductors or transformers can be integrated. 


In the next section we examine some of the design rules for the layout of 
monolithic circuits. 


7-10 MONOLITHIC-CIRCUIT LAYOUT? #9 


In this section we describe how to transform the discrete logic circuit of Fig. 
7-25a into the layout of the monolithic circuit shown in Fig. 7-26. 


Design Rules for Monolithic Layout The following 10 reasonable design 
rules are stated by Phillips?*: 


1. Redraw the schematic to satisfy the required pin connection with the 
minimum number of crossovers. 


(6) 


Fig. 7-25 (a) A DTL gate. ‘(b) The schematic redrawn to indicate the 10 external 
connections arranged in the sequence in which they will be brought out to the 
header pins, The isolation regions are shown in heavy outline. 
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2, Determine the number of isolation islands from collector-potential con- 
siderations, and reduce the areas as much as possible. ; 

3. Place all resistors having fixed potentials at one end in the same iso- 
lation island, and return that isolation island to the most positive potential 
in the cireuit. ‘ 

4. Connect the substrate to the most negative potential of the circuit. 

5. In layout, allow an isolation border equal to twice the epitaxial thick- 
ness to allow for underdiffusion. 

6. Use 1-mil widths for diffused emitter regions and 3-mil widths for base 
contacts and spacings, and for collector contacts and spacings. 

7. or resistors, use widest possible designs consistent with die-size 
limitations. Resistances which must have a close ratio must have the same 
width and be placed close to one another. 

8. Always optimize the layout arrangement to maintain the smallest 
possible die size, and if necessary, compromise pin connections to achieve this. 

9. Determine component geometries from the performance requirements 
of the circuit. . 

10, Keep all metalizing runs as short and as wide as possible, particularly 
at the emitter and collector output connections of the saturating transistor. 


Pin Connections The circuit of Fig. 7-25a is redrawn in Fig. 7-25b, 
with the external leads labeled 1, 2, 3, .. . , 10 and arranged in the order 
in which they are connected to the header pins. The diagram reveals that 
the power-supply pins are grouped together, and also that the inputs are on 
adjacent pins. In general, the external connections are determined by the 
system in which the circuits are used. 


Crossovers Very often the layout of a monolithic circuit requires two 
conducting paths (such as leads 5 and 6 in Fig. 7-25b) to cross over each other. 
This crossover cannot be made directly because it will result in electric contact 
between two parts of the circuit. Since all resistors are protected by the SiO» 
layer, any resistor may be used as a crossover region. In other words, if 
aluminum metalization is run over a resistor, no electric contact will take 
place between the resistor and the aluminum. 

Sometimes the layout is so complex that additional crossover points may 
be required. A diffused structure which allows a crossover is also possible.? 


lsolation Islands The number of isolation islands is determined next. 
Since the transistor collector requires one isolation region, the heavy rectangle 
has been drawn in Vig. 7-255 around the transistor. It is shown connected 
to the output pin 2 because this isolation island also forms the transistor col- 
lector. Next, all resistors are placed in the same isolation island, and the 
island is then connected to the most positive voltage in the circuit, for reasons 
discussed in Sec. 7-8. 
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To determine the number of isolation regions required for the diodes, it 
is necessary first to establish which kind of diode will be fabricated. In this 
case, because of the low forward drop shown in Iig. 7-19, it was decided to 
make the common-anode diodes of the emitter-base type with the collector 
shorted to the base. Since the ‘‘coilector” is at the “base” potential, it is 
required to have a single isolation island for the four ecommon-anode diodes, 
Tinally, the remaining diode is fabricated as an emitter-base diode, with the 
collector open-circuited, and thus it requires a separate isolation island. 


The Fabrication Sequence The final monolithic layout is determined by 
a trial-and-error process, having as its objective the smallest possible die size. 
This layout is shown in Fig. 7-26. The reader should identify the four iso- 
lation islands, the three resistors, the five diodes, and the transistor. It is 
interesting to note that the 5.6-K resistor has been achieved with a 2-mil-wide 
1.8-IX resistor in series with a 1-mil-wide 3.8-K resistor. To conserve space, 


Indicates isolation region [22] Indicates metalization 


Fig. 7-26 Monolithic design layout for the circuit of Fig. 7-25. 
(Courtesy of Motorola Monitor, Phoenix, Ariz.) 
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Isolation diffusion 


1! Fig. 7-27. Monolithic fab- 
rication sequence for the 
circuit of Fig. 7-25. 
(Courtesy of Motorola 
Monitor, Phoenix, Ariz.) 


Emitter diffusion 


te se . > ~ Sa 
. ' wit 


a 


Metalization Flat package assembly 


the resistor was folded back on itself. In addition, two metalizing crossovers 
ran over this resistor. 

From a layout such as shown in Fig. 7-26, the manufacturer produces 
the masks required for the fabrication of the monolithic integrated circuit. 
The production sequence which involves isolation, base, and emitter diffusions, 
preohmic etch, aluminum metalization, and the flat package assembly is shown 
in Fig. 7-27. 


7-11 ADDITIONAL ISOLATION METHODS 


Electrical isolation between the different elements of a monolithic integrated 
circuit is accomplished by means of a diffusion which yields back-to-back 
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p-m junctions, as indicated in Sec. 7-2. With the application of bias voltage 
to the substrate, these junctions represent reverse-biased diodes with a very 
high back resistance, thus providing adequate de isolation. But since each 
p-n junction is also a capacitance, there remains that inevitable capacitive 
coupling between components and the substrate. These parasitic distributed 
capacitances thus limit monolithic integrated circuits to frequencies somewhat 
below those at which corresponding discrete circuits can operate. 

Additional methods for achieving better isolation, and therefore improved 
frequency response, have been developed, and are discussed in this section. 


Dielectric Isolation In this process"! the diode-isolation concept is dis- 
carded completely. Instead, isolation, both electrical and physical, is achieved 
by means of a layer of solid dielectrie which completely surrounds and sepa- 
rates the components from each other and from the common substrate. This 
passive layer can be silicon dioxide, silicon monoxide, ruby, or possibly a glazed 
ceramic substrate which is made thick enough so that its associated capacitance 
is negligible. 

In a dielectric isolated integrated circuit it is possible to fabricate readily 
p-n-p and n-p-n transistors within the same silicon substrate. It is also simple 
to have both fast and charge-storage diodes and also both high- and low-fre- 
quency transistors in the same chip through selective gold diffusion—a process 
prohibited by conventional techniques because of the rapid rate at which gold 
diffuses through silicon unless impeded by a physical barrier such as a dielectric 
layer. ; 

An isolation method pioneered by RCA! is referred to as SOS (silicon- 
on-sapphire). On a single-crystal sapphire substrate an n-type silicon layer 
is grown heteroepitaxially. By etching away selected portions of the silicon, 
isolated islands are formed (interconnected only by the high-resistance sap- 
phire substrate). 

One isolation method employing silicon dioxide as the isolating material 
is the EPIC process,!* developed by Motorola, Inc. This EPIC isolation 
method reduces parasitic capacitance by a factor of 10 or more. In addition, 
the insulating oxide precludes the need for a reverse bias between substrate 
and circuit elements. Breakdown voltage between circuit elements and 
substrate is in excess of 1,000 V, in contrast to the 20 V across an isolation 
junction. 


Beam Leads The beam-lead concept!* of Bell Telephone Laboratorics 
was primarily developed to batch-fabricate semiconductor devices and inte- 
grated circuits. This technique consists in depositing an array of thick (of 
the order of 1 mil) contacts on the surface of a slice of standard monolithic 
circuit, and then removing the excess semiconductor from under the contacts, 
thereby separating the individual devices and leaving them with semirigid 
beam leads cantilevered beyond the semiconductor. The contacts serve not 
only as electrical leads, but also as the structural support for the devices; 
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Common-emitter 
beam lead 


Base-resistor beam 
intraconnection 


(one of four) 
Load-resistor 


beam lead Input resistor (one of four) 


Input-resistor 
beam lead 


Load resistor (one of four) 


Semiconductor JAK 
wafer 


Common- collector 


beam lead ve 


ca Semiconductor wafers 


Isolation area 


Fig. 7-28 The beam-lead isolation technique. (a) Photomicrograph 
of logic circuit connected ina header. (b) The underside of the 
same circuit, with the various elements identified. (Courtesy of 

Bell Telephone Laboratories.) 


hence the name beam leads. Chips of beam-lead circuits are mounted directly 
by leads, without 1-mil aluminum or gold wires, 

Isolation within integrated circuits may be accomplished by the beam- 
lead structure. By etching away the unwanted silicon from under the beam 
leads which connect the devices on an integrated chip, isolated pads of silicon 
may be attained, interconnected by the beam leads. The only capacitive 
coupling between elements is then through the small metal-over-oxide overlay. 
This is much lower than the junction capacitance incurred with p-n junction- 
isolated monolithic circuits. 

It should be pointed out that the dielectric and beam-lead isolation 
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techniques involve additional process steps, and thus higher costs and possible 
reduction in yield of the manufacturing process. 

Figure 7-28 shows photomicrographs of two different views of a logic 
circuit made using the beam-lead technique. The top photo shows the logic 
circuit connected in a header. The bottom photo shows the underside of 
the same circuit with the various clements identified. This device is made 
using conventional planar techniques to form the transistor and resistor regions. 
Electrical isolation is accomplished by removing all unwanted material between 
components. The beam leads then remain to support and intraconnect the 
isolated components. 


Hybrid Circuits! The hybrid circuit as opposed to the monolithic circuit 
consists of several component parts (transistors, diodes, resistors, capacitors, 
or complete monolithic circuits), all attached to the same ceramic substrate 
and employing wire bonding to achieve the interconnections. In these circuits 
electrical isolation is provided by the physical separation of the component 
parts, and in this respect hybrid circuits resemble beam-lead circuits. 


7-12 LARGE-SCALE AND MEDIUM-SCALE INTEGRATION 
(LSI! AND MSI) 


Large-scale integration'! represents the process of fabricating chips with a 
large number of components which are interconnected to form complete sub- 
systems or systems. In 1972 commercially available LSI circuits contained, 
typically, more than 100 gates, or 1,000 individual circuit components. A 
triple-diffused bipolar transistor requires approximately 50 mil? of chip area, 
whereas a typical MOS transistor (Chap. 10) requires only 5 mil?. Much 
higher element densities are possible with AIOS LSI than bipolar LSI circuits. 

Since LSI is an extension of integrated-circuit techniques, the fabrication 
is identical with that described in Sec. 7-2. Only the methods of testing and 
interconnection are different with LSI. There are two principal techniques, 
called discretionary wiring and fixed interconnection pattern. The former con- 
sists in manufacturing on a single large chip many identical units, called untt 
cells, such as logic gates which are to be interconnected into a system. The 
cells are then tested by an automatie LSI tester which remembers the loca- 
tion of the “good” cells. The tester is coupled to a digital computer which 
calculates instructions for a pattern of metalization runs which interconnects 
the good cells so as to yield the desired system function. This process must 
be repeated for each LSI wafer, since the patterns of good and bad circuits 
will differ from wafer to wafer. 

A fixed interconnection pattern starts with a more complex cell, called a 
polycell, and then interconnects several of these to form a larger system through 
a fixed interconnection which is less complex than the pattern required for an 
equal array composed of simpler circuits. 
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The most common LSI products are read-write memories (R/W), read- 
only memories (ROM), and shift registers (discussed in Chap. 17). 


Medium-scale Integration MSI devices have a component density 
less than that of LSI, but in excess of about 100 per chip. These commer- 
cially available units include shift registers, counters, decoders, adders, etc. 
(Chap. 17). 


7-13 THE METAL-SEMICONDUCTOR CONTACT! 


Two types of metal-semiconductor junctions are possible, ohmic and rectifying. 
The former is the type of contact desired when a lead is to be attached to a 
semiconductor. On the other hand, the rectifying contact results in a metal- 
semiconductor diode (called a Schottky barrier), with volt-ampere character- 
istics very similar to those of a p-n diode. The metal-semiconductor diode 
was investigated many years ago, but until the late 1960s commercial Schottky 
diodes were not available because of problems encountered in their manufac- 
ture. It has turned out that most of the fabrication difficulties are due to 
surface effects; by employing the surface-passivated integrated-circuit tech- 
niques dsseribed i in this chapter, it is possible to construct cil ideal metal- 
semiconductor diodes very economically. 

As mentioned in Sec. 7-2 (step 4), aluminum acts as a p-type impurity 
when in contact with silicon. If Al is to be attached as a lead to n-type Si, 
an ohmie contact is desired and the formation of a p-n junction must be pre- 
vented. It is for this reason that n* diffusions are made in the 7 regions near 
the surface where the Al is deposited (Fig. 7-2d). On the other hand, if the 
n* diffusion is omitted and the Al is deposited directly upon the n-type Si, 
an equivalent p-n structure is formed, resulting in an excellent metal-semi- 
conductor diode. In Fig. 7-29 contact 1 is a Schottky barrier, whereas con- 
tact 2 is an ohmic (nonrectifying) contact, and a metal-semiconductor diode 
exists between these two terminals, with the anode at contact 1. Note that 


Fig. 7-29 (a) A Schottky 
1 2 diode formed by IC tech- 
Si niques. The aluminum and 
iO. 
the lightly doped 2 region 


n-type o—|—2 form a rectifying contact 1, 
Anode Cathode 


whereas the metal and the 


WET heavily doped x* region 
ee form an ohmic contact 2. 
(a) (b) (b) The symbol for this 


metal-semiconductor diode. 
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D Cc Cc 
R¢Z777777A 
B ; Pp base B 
n collector 
E Pp substrate 2 
(a) (b) (c) 


Fig. 7-30 (a) A transistor with a Schottky-diode clamp between base 
and collector to prevent saturation. (b) The cross section of a mono- 
lithic IC equivalent to the diode-transistor combination in (a). (c) The 
Schottky transistor symbol, which is an abbreviation for that shown in (a). 


the fabrication of a Schottky diode is actually simpler than that of a p-n 
diode, which requires an extra (p-type) diffusion. 

The external volt-ampere characteristic of a metal-semiconductor diode 
is essentially the same as that of a p-n junction, but the physical mechanisms 
involved are more complicated. Note that in the forward direction electrons 
from the n-type Si eross the junction into the metal, where electrons are 
plentiful. In this sense, this is a majority-carrier device, whereas minority 
carriers account for a p-n diode characteristic. As explained in Sec. 3-10, 
there is a delay in switching a p-n diode from on to orr because the minority 
carriers stored at the junction must first be removed. Schottky diodes have 
a negligible storage time f, because the current is carried predominantly by 
majority carriers. (Electrons from the n side enter the aluminum and become 
indistinguishable from the electrons in the metal, and hence are not “stored” 
near the junction.) 

Tt should be mentioned that the voltage drop across a Schottky diode is 
much less than that of a p-n diode for the same forward current. Thus, a 
cutin voltage of about 0.3 V is reasonable for a metal-semiconductor diode 
as against 0.6 V for a p-n barrier. Hence the former is closer to the ideal 
diode clamp than the latter. 


The Schottky Transistor To reduce the propogation-delay time in a logic 
gate, it is desirable to eliminate storage time in all transistors. In other 
words, a transistor must be prevented from entering saturation. This con- 
dition can be achieved, as indicated in Fig. 7-30a, by using a Schottky diode 
as a clamp between the base and emitter. If an attempt is made to saturate 
this transistor by increasing the base current, the collector voltage drops, D 
conducts, and the base-to-collector voltage is limited to about 0.4 V. Since 
the collector junction is forward-biased by less than the cutin voltage (~0.5 V), 
the transistor does not enter saturation (Sec. 5-8). 
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With no additional processing steps, the Schottky clamping diode can be 
fabricated at the same time that the transistor 1s constructed. As indicated 
in Fig. 7-306, the aluminum metalization for the base lead is allowed to make 
contact also with the n-type collector region (but without an intervening n* 
section). This simple procedure forms a metal-semiconductor diode between 
base and collector. The device in Fig. 7-30b is equivalent to the circuit of 
Fig. 7-30a. This is referred to as a Schottky transistor, and is represented by 
the symbol in Fig. 7-30c. 
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REVIEW QUESTIONS 


7-1 What are the four advantages of integrated circuits? 

7-2 List the five steps involved in fabricating a monolithic integrated circuit 
(IC), assuming you already have a substrate. 

7-3 List the five basic processes involved in the fabrication of an IC, assuming 
you already have a substrate. 

7-4 Describe epitaxial growth. 

7-5 (a) Describe the photoeiching process. (b) How many masks are required 
to complete an IC? List the function performed by each mask. 

7-6 (a) Deseribe the diffusion process. (b) What is meant by an impurity 
profile? 

7-7 (a) How is the surface layer of SiO, formed? (b) How thick is this layer? 
(c) What are the reasons for forming the SiO» layers? 

7-8 Explain how isolation between components is obtained in an IC. 

7-9 How are the components interconnected in an IC? 

7-10 Explain what is meant by parasitic capacitance in an IC. 

7-11 Give the order of magnitude of (a) the substrate thickness; (6) the epi- 
taxial thickness; (c) the base width; (d) the diffusion time; (e) the diffusion tempera- 
ture; (f) the surface area of a transistor; (g) the chip size. 

7-12 Sketch the cross section of an IC transistor. 

7-13 Sketch the cross section of a discrete planar epitaxial transistor. 

7-14 List the advantages and disadvantages of an IC vs. a discrete transistor. 

7-15. (a) Define buried layer. (6) Why is it used? 

7-16 Describe a lateral p-n-p transistor. Why is its current gain low? 

7-17 Describe a vertical p-n-p transistor. Why is it of limited use? 

7-18 Describe a supergain transistor. 

7-19 (a) How are IC diodes fabricated? (b) Sketch the cross sections of two 
types of emitter-base diodes. 

7-20 Sketch the cross section of a diode pair using collector-base regions if (a) the 
cathode is common and (8) the anode is common. 

7-21 Sketch the top view of a multiple-emitter transistor. Show the isolation, 
collector, base, and emitter regions. 

7-22 (a) Define sheet resistance Rs. (bv) What is the order of magnitude of Rs 
for the base region and also for the emitter region? (c) Sketch the cross séction of an 
IC resistor. (d) What are the order of magnitudes of the smallest and the largest 
values of an IC resistance? 

7-23 (a) Sketch the equivalent circuit of a base-diffused resistor, showing all 
parasitic elements. (6) What must be done (externally) to minimize the effect of the 
parasitic elements? 

7-24 Describe a thin-film resistor. 
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7-25 (a) Sketch the cross section of a junction capaci. (b) Draw the equiva- 
lent circuit, showing all parasitic elements. 

7-26 Repeat Rev. 7-25 for an MOS capacitor. 

7-27 (a) What are the two basic distinctions between a junction and an MOS 
capacitor? (6) What is the order of magnitude of the capacitance per square mil? 
(c) What is the order of magnitude of the maximum value of C? 

7-28 (a) To what voltage is the substrate connected? Why? (6) To what 
voltage is the isolation island containing the resistors connected? Why? (c) Can 
several transistors be placed in the same isolation island? Explain. 

7-29 Describe briefly (a) dielectric isolation; (b) beam-lead isolation. 

7-30 What is meant by a hybrid circutt? 

7-31 How is an aluminum contact made with n-type silicon so that it is (a) 
ohmic; (6) rectifying? 

7-32 Why is storage time eliminated in a metal-semiconductor diode? 

7-33 What is a Schoitky transistor? Why is storage time eliminated in such a 
transistor? 

7-34 Sketch the cross section of an IC Schottky transistor. 


THE TRANSISTOR AT 
LOW FREQUENCIES 


The large-signal response of a transistor is obtained graphically. For 
small signals the transistor operates with reasonable linearity, and we 
inquire into small-signal linear models which represent the operation 
of the transistor in the active region. The parameters introduced in 
the models presented here are interpreted in terms of the external 
volt-ampere characteristics of the transistor. A detailed study of the 
transistor amplifier in its various configurations is made. 

Very often, in practice, a number of stages are used in cascade 
to amplify a signal from a source, such as a phonograph pickup, to 
a level which is suitable for the operation of another transducer, 
such as a loudspeaker. In this chapter we consider the problem 
of cascading a number of transistor amplifier stages. In addition, 
various special transistor circuits of practical importance are exam- 
ined in detail. Also, simplified approximate methods of solution 
are presented. All transistor circuits in this chapter are examined 
at low frequencies, where the transistor internal capacitances may be 
neglected. 


8-1 GRAPHICAL ANALYSIS OF THE CE CONFIGURATION 


It is our purpose in this section to analyze graphically the opera- 
tion of the circuit of Fig. 8-1. In Fig. 8-2a the output character- 
istics of a p-n-p germanium transistor and in Tig. 8-2b the corre- 
sponding input characteristics are indicated. We have selected the 
CE configuration because, as we sec in See. 8-9, it is the most gen- 
erally useful configuration. 

In Fig. 8-2a we have drawn a load line for a 250-2 load with 
Vee = 15 V. If the input base-current signal is symmetric, the qui- 
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Fig. 8-1 The CE transistor configura- 
tion. 


escent point @Q is usually selected at about the center of the load line, as 
shown in Fig. 8-2a. We postpone until Chap. 9 our discussion on biasing of 
transistors. 


Notation At this point it is important to make a few remarks on tran- 
sistor symbols. Specifically, instantaneous values of quantities which vary 
with time are represented by lowercase letters (¢ for current, » for voltage, 
and p for power). Maximum, average (de), and effective, or root-mean- 
square (rms), values are represented by the uppercase letter of the proper 
symbol (I, V, or P). Average (dc) values and instantaneous total values 
are indicated by the upperease subscript of the proper electrode symbol (B 
for base, C for collector, E for emitter). Varying components from some 
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Fig. 8-2. (a) Output and (b) input characteristics of a p-n-p germanium 
transistor. 
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quiescent value are indicated by the lowercase subscript of the proper elec- 
trode symbol. A single subscript is used if the reference electrode is clearly 
understood. If there is any possibility of ambiguity, the conventional dou- 
ble-subscript notation should be used. For example, in Figs. 8-3a to d and 
8-1, we show collector and base currents and voltages in the common-emitter 
transistor configuration, employing the notation just described. The collector 
and emitter current and voltage component variations from the corresponding 
quiescent values are 

i, = ig — Ig = Aig % = Ic — Ve = Ave 

(8-1) 

th = tg — Ig = Aig VW = Ug — Vag = Ady 
The magnitude of the supply voltage is indicated by repeating the electrode 
subscript. This notation is summarized in Table 8-1. 


TABLE 8-1 Notation summarized 


Base (collector) 

Base (collector) current toward 
voltage with electrode from 
Tespect to emitter | external circuit 


Instantancous total value................0000 005 vp (Uc) da (tc) 
Quiescent value......... 0... eee eee ees Va (Ve) Iz (Ic) 
Instantaneous value of varying component........ Vy (Ve) ty (ae) 
Effective value of varying component (phasor, if : 

a Sinusoid)........ 0.0. cece e eens Vi (Ve) In (Te) 
Supply voltage (magnitude)...................0. Vue (Vcc) 


The Waveforms Assume a 200-pA peak sinusoidally varying base current 
around the quiescent point Q, where 7g = —300 wA. Then the extreme 
points of the base waveform are A and B, where ig = —500 nA and —100 pA, 
respectively. These points are located on the load line in Fig. 8-22. We 
find ¢¢ and vcz, corresponding to any given value of 7s, at the intersection of 
the load line and the collector characteristics corresponding to this value of @n. 
For example, at point A, ig = —500 pA, ic = —46.5 mA, and wer = —3.4 V. 
The waveforms t¢ and vcz are plotted in Fig. 8-3a and b, respectively. We 
observe that the collector-current and collector-voltage waveforms are not the 
same as the base-current waveform (the sinusoid of Fig. 8-3c) because the 
collector characteristics in the neighborhood of the load line in Fig. 8-2a are 
not parallel lines equally spaced for equal increments in base current. This 
change in waveform is known as oudput nonlinear distortion. 

The base-to-emitter voltage vz for any combination of base current and 
collector-to-be-emitter voltage can be obtained from the input characteristic 
curves. In Fig. 8-2b we show the dynamic operating curve drawn for the 
combinations of base current and collector voltage found along A-Q-B of the 
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Fig. 8-3 (a,b) Collector and (c,d) base current and voltage waveforms. 


load line of Fig. 8-22. The waveform vgz can be obtained from the dynamic 
operating curve of Fig. 8-2b by reading the voltage var corresponding to a 
given base current 7g. We now observe that, since the dynamic curve is not 
a straight line, the waveform of », (Fig. 8-3d) will not, in.general, be the same 
as the waveform of 7. This change in waveform is known as input nonlinear 
distortion. In some cases it is more reasonable to assume that in Fig. 8-3d 
is sinusoidal, and then % will be distorted. The above condition will be true 
if the sinusoidal voltage source v, driving the transistor has a small output 
resistance &, in comparison with the input resistance R; of the transistor, so 
that the transistor input-voltage waveform is essentially the same as the source 
waveform. However, if R. >> R,, the variation in zp is given by 4% ~ »,/ Bs, 
and hence the base-current waveform is also sinusoidal. 

From Fig. 8-26 we see that for a large sinusozdal base voltage vy around the 
point Q, the base-current swing |2,| is smaller to the left of Q than to the right 
of Q. This input distortion tends to cancel the output distortion because, in 
Fig. 8-2a, the collector-current swing |2,| for a given base-current swing is 
larger over the section BQ than over QA. Hence, if the amplifier is biased 
so that Q is near the center of the i¢-vcz plane, there will be less distortion if the 
excitation is a sinusoidal base voltage than if it is a sinusoidal base current. 

It should be noted here that the dynamic load curve can be approximated 
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by a straight line over a sufficiently small line segment, and hence, if the input 
signal is small, there will be negligible input distortion under any conditions 
of operation (current-source or voltage-source driver). 

Since the small-signal low-frequency response of a transistor is linear, it 
can be obtained analytically rather than graphically. As a matter of fact, 
for very small signals the graphical technique used in connection with Fig. 8-2 
would require interpolation between the printed characteristics and would 
result in very poor accuracy. In the remainder of the chapter we assume 
small-signal (also called incremental) operation, obtain a linear circuit model 
for the transistor, and then analyze the network analytically. 


8-2 TWO-PORT DEVICES AND THE HYBRID MODEL 


The terminal behavior of a large class of two-port devices is specified by 
two voltages and two currents. The box in Fig. 8-4 represents such a two-port 
network. We may select two of the four quantities as the independent, vari- 
ables and express the remaining two in terms of the chosen independent vari- 
ables. It should be noted that, in general, we are not free to select the inde- 
pendent variables arbitrarily. For example, if the two-port device is an ideal 
transformer, we cannot pick the two voltages v, and v2 as the independent 
variables because their ratio is a constant equal to the transformer turns ratio. 
If the current 2; and the voltage v2 are independent and if the two-port is linear, 
we may write 


01 = Ajit + hisde (8-2) 
ta = hati + hoods (8-3) 
The quantities hii, hie, har, and hoe are called the h, or hybrid, parameters because 
they are not all alike dimensionally. Let us assume that there are no reactive 


elements within the two-port network. Then, from Eqs. (8-2) and (8-3), the 
hk parameters are defined as follows: 


hyn = i = input resistance with output short-circuited (ohms). 
1 |v2=0 

hie = = = fraction of output voltage at input with ‘input open- 
2 |in=0 


circuited, or more simply, reverse-open-circuit voltage 
amplification (dimensionless). 


Fig. 8-4 A two-port ee 
network, 
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hea = = = negative of current transfer ratio (or current gain) 

“Ahem0 with output short-circuited. (Note that the current 

into a load across the output port would be the nega- 

tive of 7%.) This parameter is usually referred to, 

simply, as the short-circuit current gain (dimensionless). 

hoe = . go output conductance with input open-circuited (mhos). 
v= 


Notation The following convenient alternative subscript notation is 
recommended by the IEEE Standards!: 


4= 11 = input o = 22 = output 


f = 21 = forward transfer r = 12 = reverse transfer 


In the case of transistors, another subscript (6, e, or ¢) is added to designate 
the type of configuration. For example, 


he = hiw = input resistance in common-base configuration 


hye = here = short-circuit forward current gain in common-emitter 
circuit 


Since the device described by Eqs. (8-2) and (8-3) is assumed to include 
no reactive elements, the four parameters hii, his, hoy, and hoz are real numbers 
and the voltages and currents 01, v2, and 71, 72 are functions of time. However, 
if reactive elements had been included in the device, the excitation would be 
considered to be sinusoidal, the A parameters would in general be functions 
of frequency, and the voltages and currents would be represented by phasors 
Vi, V2, and fh, Ta. 


The Model We may now use the four h parameters to construct a 
mathematical model of the device of Fig. 8-4. The hybrid circuit for any 
device characterized by Eqs. (8-2) and (8-8) is indicated in Fig. 8-5. We can 
verify that the model of Fig. 8-5 satisfies Eqs. (8-2) and (8-8) by writing 
Kirchhoff’s voltage and current laws for the input and output ports, respec- 
tively. Note that the input circuit contains a dependent voltage generator 
whereas the output circuit has a dependent current. source. 


h; 
. gt (in ohms) 
a Fig. 8-5 The hybrid model for 
u, iis the two-port network of Fig. 8-4. 


The parameters h, and hy are 
dimensionless, 
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8-3 TRANSISTOR HYBRID MODEL 


The basic assumption in arriving at a transistor linear model or equivalent 
circuit is that the variations about the quiescent point are assumed small, 
so that the transistor parameters can be considered constant over the signal 
excursion. The operating (quiescent) values of current and voltages are 
determined by the method employed to bias the transistor (Chap. 9). These 
values do not enter into an incremental model, which is used only to find 
small-signal variations about the @ point. 

The transistor model presented in this chapter is given in terms of the h 
parameters, which are real numbers at audio frequencies, are easy to measure, 
can also be obtained from the transistor static characteristic curves, and are 
particularly convenient to use in circuit analysis and design. Furthermore, 
a set of h parameters is specified for many transistors by the manufacturers. 

To see how we can derive a hybrid model for a transistor, let us consider 
the common-emitter connection shown in Fig. 8-1. The variables ig, zo, 
Urg = Ug, and ¥cz = Uc represent total instantaneous currents and voltages. 
From our discussion in Chap. 5 of transistor voltages and currents, we see 
that we may select the current 7, and voltage vc as independent variables. 
Since vg is some function fy of 7p and ve and since i¢ is another function fo 
of tg and v¢, we may write 


vn = filts, vc) (8-4) 
te = faliz, Yc) (8-5) 


Making a Taylor’s series expansion of Eqs. (8-4) and (8-5) around the quies- 
cent point Ig, Vc, and neglecting higher-order terms, we obtain 


of; of, . 

Ae = diz Ove |rp one ee) 
F ofe Ofe 

pa 206 Ire ah 


The partial derivatives are taken, keeping the collector voltage or the base 
current constant, as indicated by the subscript attached to the derivative. 

The quantities Ave, Avc, Ais, and Ate represent the small-signal (incre- 
mental) base and collector voltages and currents. According to the notation 
in Eq. (8-1), we represent them with the symbols %, »,, %, and i, We may 
now write Eqs. (8-6) and (8-7) in the following form: 


YW = Niet» + rede (8-8) 

tte aa hyets = Noede (8-9) 
where 

hey = 2 OU hime = Gi oe See (8-10) 


= OtR Otp Ve 
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(a) () 


Fig. 8-6 The hybrid small-signal models for (a) the common- 
emitter and (b) the common-collector configuration. 


and 


=A, _ dio _ A _ Bic 
hse > 01g -_ OiR lvo hea a Ove - Ove \Is (8-11) 


The partial derivatives of Eqs. (8-10) and (8-11) define the h parameters 
for the common-emitter connection. In the next section we show that the 
above partial derivatives can be obtained from the transistor characteristic 
curves and that they are real numbers. We now observe that Eqs. (8-8) 
and (8-9) are exactly the same form as Eqs. (8-2) and (8-3). Hence the 
model of Fig. 8-5 can be used to represent a transistor. 

Note that the partial derivatives in Eqs. (8-10) and (8-11) are taken 
keeping V¢ = constant or Ig = constant. If a parameter is constant, its 
Incremental change is zero. Hence V¢ = constant is equivalent to v. = 0 and 
Iz = constant corresponds to %# = 0. With this notation, 


_ vp _ Vs 
In Uy Iis=0 ie bee V, ln=o (8-12) 


dvzg 


hee = ave 


where the second equation is valid if sinusoidal (phasor) voltages and currents 
are under consideration. 

The common-emitter (CE) h-parameter model is shown in Fig. 8-6a. 
The common-collector (CC) hybrid model is given in Fig. 8-6b. Note from 
the CC configuration of Fig. 5-19 that the input terminals are B and C whereas 
the output terminals are HE and C. An analogous equivalent circuit (Fig. 
8-10) can be drawn for the common-base (CB) circuit, with input terminals 
E and B and output terminals C and B. For each configuration, we note 
from Kirchhoff’s current law that 


&+i+%=0 (8-13) 


The circuit models and equations are valid for either an n-p-n or a p-n-p 
transistor and are independent of the type of load or the method of biasing. 
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8-4 THE h PARAMETERS? 


Equations (8-4) and (8-5) give the form of the functional relationships for 
the common-emitter connection of total instantaneous collector current and 
base voltage in terms of two variables, namely, base current and collector 
voltage. Such functional relationships are represented in Chap. 5 by families 
of characteristic curves. Two families of curves are usually specified for 
transistors. The output characteristic curves depict the relationship between 
output current and voltage, with input current as the parameter. Figures 
5-6 and 5-10 show typical output characteristic curves for the common-base 
and common-emitter transistor configurations. The input characteristics 
depict the relationship between input voltage and current with output voltage 
as the parameter. Typical input characteristic curves for the common-base 
and common-emitter transistor connections are shown in Figs. 5-7 and 5-11. 
If the input and output characteristics of a particular connection are given, 
the h parameters can be determined graphically. 


The Parameter hy, For a common-emitter connection the characteristics 
are shown in Fig. 8-7. From the definition of hy. given in Eq. (8-11) and 
from Fig. 8-7, we have 


ie Ote acs, Alc = to2 2 tox 
Nye dip = Ady |Ve ign — tp ae 


The current increments are taken around the quiescent point Q, which corre- 
sponds to the base current ip = Ip and to the collector voltage vce = Ve 
(a vertical line in Fig. 8-7). , 

The parameter hy. is the most important small-signal parameter of the 
transistor. This common-emitter current transfer ratio, or CE alpha, is also 
written a, or 6’, and called the small-signal beta of the transistor. The rela- 
tionship between f’ = hy, and the large-signal beta, 8 = her, is given in Eq. 
(5-23). 


ter 


Fig. 8-7 Determination of hy, and ha, 
from the CE output characteristics. 
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The Parameter hee From iq. (8-11) 


_ dig _ Ate 


Bee ai aoe lie 


(8-15) 


The value of ho, at the quiescent point Q is given by the slope of the output 
characteristic curve at that point. This slope can be evaluated by drawing 
the line AB in Fig. 8-7a tangent to the characteristic curve at the point Q. 

The parameters hy. and h-- may be obtained graphically from the input 
CE characteristics in a manner analogous to that illustrated in Fig. 8-7 (Prob. 
8-2). 

Based upon the definitions given in Secs. 8-3 and 8-9, simple experiments 
may be carried out for the direct determination of the hybrid parameters.’ 


Hybrid-parameter Variations From the discussion in this section we 
have seen that once a quiescent point Q is specified, the h parameters can be 
obtained from the slopes and spacing between curves at this point. Since 
the characteristic curves are not in general straight lines, equally spaced for 
equal changes in Iz (Fig. 8-2a) or Vex (Fig. 8-2b), it is clear that the values 
of the h parameters depend upon the position of the quiescent point on the 
curves. Moreover, from our discussion in Chap. 5, we know that the shape 


e 
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1 gol_Vex=— 8.0V fog i; fakes ? 
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ght co 

3 0.2 = oo Pre 

£ oo < Nee 3 i 

Lo] oe 

2 aos H = 2 0.5 ie 

a 2 0.4 

5 0.02 a3) Nie 

9 0.01 jt 5 03 

H -0.1-0.2 -05-10-2 -5 -10-20 -50 & -100 -50 0 50 100 150 200 

& Collector current Z¢ , mA Junction temperature T; , °C 
(a) (6) 


Fig. 8-8 Variation of common-emitter h parameters (a) with collector current 
normalized to unity at Ves = —5.0 V and I¢ = —1.0 mA for the type 2N996 
diffused-silicon planar epitaxial transistor; (b) with junction temperature, nor- 
malized to unity at T; = 25°C. (Courtesy of Fairchild Semiconductor.) 
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180 ; a 
Vor =5V 
f=1kHz 150°C 
150 
Fig. 8-9 Variation of hy. 125°C 
with emitter current for the 129 eG 
type 2NI573 silicon hy 
i vei: T= 25°C 
transistor. (Courtesy of A= 
Texas Instruments, Inc.) 60 0°C- 
30 EE a 
0 
0 -5 -10 -165 -20 


Emitter current Iz, mA 


and actual numerical values of the characteristic curves depend on the junc- 
tion temperature. Hence the parameters also will depend on temperature. 
Most transistor specification sheets include curves of the variation of the h 
parameters with the quiescent point and temperature. Such curves are 
shown for a typical silicon p-n-p transistor in Fig. 8-8a and b. These curves 
are plotted with respect to the values of a specific operating point, say, —5V 
collector-to-emitter voltage and —1 mA collector current. The variation in 
h parameters as shown in Fig. 8-8a is for a constant junction temperature of 
25°C and a frequency of 1 kHz. Manufacturers usually also provide curves 
of h parameters versus Veg, although this variation with Veg is often not 
significant. Specifically, hy. is more sensitive to I¢ than to Vez. Most tran- 
sistors exhibit a well-defined maximum in the value of A;. as a function of 
collector or emitter current. Such a maximum in the variation of hy, with 
emitter current and temperature is shown in Fig. 8-9 for an n-p-n double- 
diffused silicon mesa transistor. 

Table 8-2 shows values of h parameters for the three different transistor 
configurations of a typical junction transistor. 


TABLE 8-2 Typical h-parameter values for a 
transistor (at Zz = 1.3 mA) 


Parameter CE cc CB 
Ay = hy 1,100 @ 1,100 2 21.6 2 
Aiz = h, 2.6 X 1074 ~1 2.9 x 10-4 
ha = hy 50 —51 —0.98 
hag = Ro 24 pA/V 25 pA/V 0.49 nA/V 


1/ho 40K 40 K 2.04 M 
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8-5 CONVERSION FORMULAS FOR THE PARAMETERS 
OF THE THREE TRANSISTOR CONFIGURATIONS 


It may be necessary to convert from one set of transistor parameters to 
another set. Some transistor manufacturers specify all four common-emitter 
h parameters; others specify hye, his, hos, and hw. In Table 8-3 we give approxi- 
mate conversion formulas between the CE, CC, and CBh parameters. These 
equations can be verified by using the definitions of the parameters involved 
and Kirchhoff’s laws. The general procedure is illustrated in the following 
example. 


eee 
EXAMPLE Find A,. in terms of the CB A parameters. 


Solution The CB h-parameter circuit is shown in Fig. 8-10, where capital letters 
are used to represent the rms value of the sinusoidal voltage or current. 


By definition, 
“i ye) 
Te=0 View 


Voc Voc + Vee 
Vlas Ver 
If T, = 0, then J, = —J,, and the current J in hos in Fig. 8-10 is J = (1 + ha) Je. 
Since ha represents a conductance, 
T= heVee = (1 + ha)le 
Applying KVL to the path HBCE, 
hile + ReVer + Vico + Vee = 0 


Combining the last two equations yields 


ve — 


Ie=0 


ae Vie — tesFio + Vet Vas 0 
or 

Vee _ —(1 + Ap) 

Vec — Asvhtos + (1 — Ars)(1 + hy) 
Hence : 

fe, ea Voc _ Rishon — (1 + hy) Aes 


Vee Rivhos + (1 — ha) (1 + ha) 


This is an exact expression. The simpler approximate formula is obtained by 
noting that, for the typical values given in Table 8-2, 


Ra K1 and orks K 1 + App 
Hence 
hirvhos 
l+hp 
which is the formula given in Table 8-3. 


sa meeeeeeeeeere 


shi 


Ire 
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Fig. 8-10 The CB hybrid model. 


(+ hte 


TABLE 8-3 Approximate conversion 
formulas for hybrid parameters 


hic = hie hye = 1 
hye = ~(1 + hye) hoc = Roe 
he fT Richow 
ha = —t— = ~ 
e=Ty 77 he ies Nea 
Aye hos 
ies = a 
ve 1+ hye age ve 


ft The CE parameters in terms of the CB 
parameters are obtained by interchanging the 
subscripts 6 and ¢ (Prob. 8-4). 


8-6 ANALYSIS OF A TRANSISTOR AMPLIFIER 
CIRCUIT USING hk PARAMETERS 


To form a transistor amplifier it is only necessary to connect an external load 
and signal source as indicated in Fig. 8-11 and to bias the transistor properly. 
The two-port active network of Fig. 8-11 represents a transistor in any one 
of the three possible configurations. In Fig. 8-12 we treat the general case 
(connection not specified) by replacing the transistor with its small-signal 
hybrid model. The circuit used in Fig. 8-12 is valid for any type of load, 
whether it be a pure resistance, an impedance, or another transistor. This 
is true because the transistor hybrid model was derived withoutiany regard 


qi 


Two-port ye 
active | Z 
2 ‘ | iE 
Fig. 8-11 A basic amplifier Preece 


circuit, 
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Fig. 8-12 The transistor in 
Fig. 8-11 is replaced by its 
h-parameter model. 


to the external circuit in which the transistor is incorporated. The only 
restriction is the requirement that the A parameters remain substantially con- 
stant over the operating range. 

Assuming sinusoidally varying voltages and currents, we can proceed 
with the analysis of the circuit of Fig. 8-12, using the phasor (sinor) notation 
to represent the sinusoidally varying quantities. The quantities of interest 
are the current gain, the input impedance, the voltage gain, and the output 
impedance, 


The Current Gain, or Current Amplification, 4; For the transistor 
amplifier stage, Ay is defined as the ratio of output to input currents, or 


_in_ otk 
A; = oe 3 (8-16) 
From the circuit of Fig. 8-12, we have 
Ig = hyl, + hoVe (8-17) 
Substituting Ve = —I2Z, in Eq. (8-17), we obtain 
~_f2__ ly 
BP eG + AL 18) 


The Input Impedance Z; The resistance R, in Figs. 8-11 and 8-12 repre- 
sents the signal-source resistance. The impedance we see looking into the 
amplifier input terminals (1, 1’) is the amplifier input impedance Z;, or 


Vi 
From the input circuit of Fig. 8-12, we have 
Vi = helt + hVe (8-20) 
Hence 
es Ahi + AV yt ake bey (8-21) 
1 1 
Substituting, 


Vo = Dey = AZ, (8-22) 
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in Eq. (8-21), we obtain 

hyhy 
Yr. + No 
where use has been made of Eq. (8-18) and the fact that the load admit- 


tance is ¥; =1/Zz. Note that the input impedance is a function of the load 
impedance. 


Z =hit hrArZ1 =hi- (8-23) 


The Voltage Gain, or Voltage Amplification, Av The ratio of output 
voltage V2 to input voltage Vi gives the voltage gain of the transistor, or 


Ay==> (8-24) 


= (8-25) 


The Voltage Amplification Ays, Taking into Account the Resistance R, 
of the Source ‘This overall voltage gain Av, is defined by 
Vo VeVi 


Aree Gy yg 


(8-26) 


From the equivalent input circuit of the amplifier, shown in Fig. 8-18a, 


VL: 
‘a ~ Z; + R, 
Then 
ij Oe ae (8-27) 


“FitRh 2+ 


where use has been made of Eq. (8-25). Note that, if R, = 0, then Ay, = Ay. 
Hence Ay is the voltage gain for an ideal voltage source (one with zero internal 
resistance). In practice, the quantity Ay. is more meaningful than Ay since, 
usually, the source resistance has an appreciable effect on the overall voltage 
amplification. For example, if Z; is resistive and equal in magnitude to R,, 
then Ay, = 0.5Ay. 


Fig. 8-13 Input circuit 
of a transistor amplifier 
using (a) a Thévenin's 
equivalent for the 
source and (b) a 


Norton’s equivalent for 


the source. 


(o) 
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The Current Amplification A7., Taking into Account the Source Resistance 
R, If the input source is a current generator J, in parallel with a resistance 
R,, as indicated in Fig. 8-13b, then this overall current gain Ay, is defined by 


_ wh _ -ih = 1 : 
cee’ Pinas Pek Cac Oy) 
From Fig. 8-13b 
IR, 
aa ae 
and hence 
Ark, 
anes ow 


Note that, if R, = ©, then Ay, = Ar. Hence A; ts the current gain for an 
ideal current source (one with infinite source resistance). 

Independent of the transistor characteristics, the voltage and current 
gains, taking source impedance into account, are related by 
Zr 
R, 

This relationship is obtained by dividing Eq. (8-27) by Eq. (8-29), and is 


valid provided that the current and voltage generators have the same source 
resistance R,. 


Ay, = At. (8-30) 


The Ovtput Admittance By definition, the output impedance 
Z. = 1/Y, is obtained by setting the source voltage V, to zero and the load 
impedance Zy, to infinity and by driving the output terminals from a generator 
V2, If the current drawn from Ve is Zs, then 


Y=2 with V,=Oand RB, = « (8-31) 
’4 
From Eq. (8-17) 
¥, = hy tt + he (8-32) 
Ve 
From Fig. 8-12, with V, = 0, 
Rht+hh+hV. = (8-33) 
or 
ie the i 
i eae tas 
Substituting the expression for 71/V2 from Eq. (8-34) in Eq. (8-32), we obtain. 
Ts ip (8-35) 


hit Rk, 
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Note that the output admittance ts a function of the source resistance. If the 
source impedance is resistive, as we have assumed, then Y, is real (a 
conductance). 

In the above definition of ¥, = 1/Z,, we have considered the load 2, 
external to the amplifier. If the output impedance of the amplifier stage 
with Zz included is desired, this loaded impedance can be calculated as the 
parallel combination of Z, and Zp. 


Summary The important formulas derived above are summarized for 
ready reference in Table 8-4. Note that the expressions for Av, Avs, and 
Az, are obtained without reference to the hybrid parameters, and hence are 
valid regardless of what equivalent circuit we use for the transistor. In par- 
ticular, these expressions are valid at high frequencies, where the h parameters 
are functions of frequency or where we may prefer to use another model for 
the transistor (for example, the hybrid-II model of Sec. 11-5). 


TABLE 8-4 Small-signal analysis of 
a transistor amplifier 


hy hyhy a 

Ar= —-—2— Yo =hy — a 
2 1+ hf he FR Zo 
AyZ; AZ, 

Zi = hi + hr ArZ = = 

ay Ay Z+tR 44+ 

Arkh AIR, R 

= An = = Ay. 

ae 7 cas As mae 


Leen ee eee ee ee ee eee ee ene a erTTEEEnEErareenenrnnereenenneereemseeeaaeaanneannEEEESE 


EXAMPLE The transistor of Fig. 8-11 is connected as a common-emitter 
amplifier, and the A parameters are those given in Table 8-2. If Rs, = 10 K and 
R, = 1 K, find the various gains and the input and output impedances. 


Solution In making the small-signal analysis of this cireuit it is convenient, first, 
to calculate Az, then obtain R; from Az, and Ay from both these quantities. 
Using the expressions in Table 8-4 and the h parameters from Table 8-2, 


h fe 50 


A= Tyas 14 2B X 10° X 10 and 

Ry = hie + heeAiRy, = 1,100 — 2.5 X 10 X 40.0 X 10 = 10000 =1K 
Ay = A. EAN — 400 
was eer oA oo Fair 

Ag = Atte _ _ 40.0X1_ ong 


Ry +k, 1+1 
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Note that Avy, = An&i/Ry. , 
hylre 50 X 2.5 X 10-4 


cae Pare = 25 x 10-8 = 19.0 x 10-8 
hin + Re 2,100 . 
= 19.0 pA/V 
- or 
6 
A052 9 =a 
Y, 19.0 


8-7 THEVENIN'S AND NORTON’S THEOREMS AND COROLLARIES 


The input source to an amplifier may be represented either by a series circuit, 
as in Fig. 8-134, or by a parallel network, as in Fig. 8-130. This result is a 
special case of Thévenin’s and Norton’s theorems. Thévenin’s theorem states 
that any two-terminal linear network may be replaced by a voltage source equal 
to the open-circuit voltage between the terminals in series with the output imped- 
ance seen at this port. In Fig. 8-14a, V represents the open-circuit voltage 
and Z is the impedance between terminals 1 and 2. To find Z, all independent 
voltage sources are short-circuited and all independent current sources are 
open-circuited. 

The dual of Thévenin’s theorem is Norton’s theorem, which states that 
any two-terminal linear network may be replaced by a current source equal to the 
short-circuited current between the terminals in parallel with the output impedance 
seen at this port. In Fig. 8-140, I represents the short-circuit current and Z 
is the impedance between terminals 1 and 2. In other words, a voltage source 
V in series with an impedance Z is equivalent to a current souree J = V/Z 
in parallel with the impedance Z. 


Corollaries As extensions of Thévenin’s and Norton’s theorems we have 
the following relationships: If V represents the open-circuit voltage, I the 
short-circuit current, and Z(Y) the impedance (admittance) between two ter- 
minals in a network, then ; 


V V I 
a=, aa oa Velze5 (8-36) 
-O1 1 
Zz 
tak Zz Fig. 8-14 As viewed from terminals 1 
* Z and 2, the Thévenin's circuit in (a) is 
\ equivalent fo the Norton's circuit in (b). 
2 2 


(2) (5) 
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The first relationship states that ‘the impedance between two nodes equals 
the open-circuit voltage divided by the short-circuit current.” This method 
is one of the simplest for finding the output impedance Z,. 

The last relationship of Eqs. (8-36) is often the quickest way to calculate 
the voltage between two points in a network. This equation states that ‘‘the 
voltage equals the short-circuit current divided by the admittance.” 

The use of Thévenin’s and Norton’s theorems and the corollaries in Eq. 
(8-36) are used frequently in this text to simplify network analyses. 


——————_— 


EXAMPLE Derive the output impedance in Fig. 8-12 using the open-circuit- 
voltage short-circutt-current theorem. 


Solution From Eq. (8-36) 


Y,=2 
Vv 


where J is the current in a short circuit placed across the output terminals and V 
is the open-circuit output voltage (Z, = ©). If node 2 in Fig. 8-12 is connected 
to 2’, then V2 = 0 and 
hyV, 
R+ hi 
With Z, = ~, V2 = V is given by h.V = —Ayly. From KVL applied to the 
input circuit and with this value of I,, we find 
A.V 
hy 


T= -hj,=— (8-37) 


Va = LR, thy) +hV= — (Re +h) +hV (8-38) 


or 
__hyV/ (Ra + hi) 

he — hyshe/(R, + hi) 
Substituting J from Eq. (8-37) and V from Eq. (8-39), we obtain for Y, =I 'V 
the expression in Eq. (8-35). 


—_—eeerer 


Ve= (8-39) 


8-8 THE EMITTER FOLLOWER 


The circuit diagram of a common-collector transistor amplifier, given in Fig. 
5-19, is repeated in Fig. 8-15 for convenience. This configuration is also called 
the emitter follower, because its voltage gain is close to unity [Eq. (8-42)], and 
hence a change in base voltage appears as an equal change across the load at 
the emitter. In other words, the emitter follows the input signal. It is shown 
below that the input resistance R; of an emitter follower is very high (hun- 
dreds of kilohms) and the output resistance R, is very low (tens of ohms). 
Hence the most common use for the CC circuit is as a buffer stage which per- 
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Fig. 8-15 A common-collector, or emitter-follower, 


configuration. 


forms the function of resistance transformation (from high to low resistance) 
over a wide range of frequencies, with voltage gain close to unity. In addi- 
tion, the emitter follower increases the power level of the signal. 

From Tables 8-4 and 8-2 we obtain the following expressions for current 
gain, input resistance, voltage gain, and output resistance: 


—I, —hye 1 + Nye 


Aa hep kaene © IE IRe eG) 
By = $2 = hie + heer = dhe + Ark (8-41) 
_ Ve _ Arh, _ Ri -— hic _ , _ hic 
Ay V; R, R 1 RB. (8.42) 
where the expression for A;fx is taken from Eq. (8-41), 
_ = hy Are = 1 + hye 
Y, = Roe hic ao R, = hoo + hie + Rs (8-43) 


Using the same parameter values as in the illustrative example of Sec. 
8-6, we find 


Ar= 40.75 R= 409K 
Aye 0007! RE $ =~ 4129 


The overall voltage gain, taking the source resistance into account, is, from 
Table 8-4, 


Ay, = ArRe 409 


ae el 0.997 X 410 0.995. 
These numerical values confirm that the emitter follower has the important 
characteristics mentioned above: a voltage gain close to unity, high input 
- resistance, and low output resistance. It should also be observed that there 
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is no phase shift between output and input in either voltage or current. (since 
both Ay and A; are positive and real). 


8-9 COMPARISON OF TRANSISTOR AMPLIFIER CONFIGURATIONS 


From Table 8-4 the values of current gain, voltage gain, input impedance, 
and output impedance are calculated as a function of load and source imped- 
ances. These are plotted in Fig. 8-16 for each of the three configurations. 
A study of the shapes and relative amplitudes of these curves is instructive. 


Av(CC) Ay (CB) 
or 
—Ay (CE) 
3300 
3000 
Ar (CB) 6 Ar (CC) 
51 py 
ce =A, (CE) 
1.0 or 50 2500 
cB eC 
0.98 cE | Ne 
08 40 2000 
06 30 1500 
04 <] 20 4000 
o2 10 500 
‘ | t 0.20 
10 10" 10° 10 10 10° 10 A 10 Ry A 
{a) (b) 
Ra Rat 
10 10" 
2.03M a 204M 
10 10" als 
105 K 
cc 
16 a 
i 
1° 7600 7 
CE 
10° = 
1,100 800 
503 
101 — = ae 
246 cB 
10 
10 10 197 10" 10 10" lot #,, 2 


(c) 
Fig. 8-16 (a) The current gain dr and (b) the voltage gain Ay of the typical 
transistor of Table 8-2 as a function of its load resistance. (c) The input resis- 
tance 2; and (d) the output resistance RF, of the typical transistor of Table 8-2 
as a function of its load resistance. 
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The CE Configuration From the curves and Table 8-5, it is observed 
that only the common-emitter stage is capable of both a voltage gain and a 
current gain greater than unity. This configuration is the most versatile and 
useful of the three connections. 

Note that R; and &, vary least with Ar and Az, respectively, for the CE 
circuit. Also observe that the magnitudes of R; and R, lie between those for 
the CB and CC configurations. 

To realize a gain nominally equal to (Avs) max would require not only that 
a zero-impedance voltage source be used, but also that R, be many times 
larger than the output impedance. Normally, however, so large a value of 
Rx is not feasible. Suppose, for example, that a manufacturer specifies a 
maximum collector voltage of, say, 30 V. Then we should not be inclined 
to use a collector supply voltage in excess of this maximum voltage, since in 
such a case the collector voltage would be exceeded if the transistor were 
driven to cutoff. Suppose, further, that the transistor is designed to carry a 
collector current of, suy, 5 mA when biased in the middle of its active region. 
Then the load resistor should be selected to have a resistance of about+2 = 3K. 
We compute for the CE configuration a voltage gain under load of Ay = —129 
(for Re = 0). Of course, the load resistance may be smaller than 3 K, as, 
for example, when a transistor is used to drive another transistor. Or in 
some applications a higher value of Ar may be acceptable although load 
resistances in excess of 10 K are unusual. 


The CB Configuration For the common-base stage, A, is less than unity, 
Ay is high (approximately equal to that of the CE stage), R, is the lowest, and 
R, is the highest of the three configurations. The CB stage has few applica- 
tions. It is sometimes used to match a very low impedance source, to drive 
a high-impedance load, or as a noninverting amplifier with a voltage gain 
greater than unity. It is also used as a constant-current source (for example, 
as a sweep circuit to charge a capacitor linearly‘). 


The CC Configuration For the common-collector stage, Ar is high 
(approximately equal to that of the CE stage), Ay is less than unity, R; is 
the highest, and R, is the lowest of the three configurations. This circuit 
finds wide application as a buffer stage between a high-impedance source and 
a low-impedance load. 


TABLE 8-5 Comparison of transistor configurations (Rz = 3 K) 


Quantity CE cc CB 
Bert ae Saree want High (—46.5) High (47.5) | Low (0.98) 
Apr des ciate nce ..,| High (—131) Low (0.99) | High (131) 
Ri dds dutecviesoarnite Medium (1,065 9) High (144 K) | Low (22.5 9) 


R.(R, = 3K)........ Medium high (45.5 K) | Low (80.5 2) | High (1.72 M) 
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Summary The foregoing characteristics are summarized in Table 8-5, 
where the various quantities are calculated for Rr, = 3 K and for theh param- 
eters in Table 8-2. 


8-10 LINEAR ANALYSIS OF A TRANSISTOR CIRCUIT 


There are many transistor circuits which do not consist simply of the CE, CB, 
or CC configurations discussed above. For example, a CE amplifier may have 
a feedback resistor from collector to base, or it may have an emitter resistor. 
Furthermore, a circuit may consist of several transistors which are inter- 
connected in some manner. An analytic determination of the small-signal 
behavior of even relatively complicated amplifier circuits may be made by 
following these simple rules: 


1. Draw the actual wiring diagram of the circuit neatly. 

2. Mark the points B (base), C (collector), and H (emitter) on this circuit 
diagram. Locate these points as the start of the equivalent circuit. Main- 
tain the same relative positions as in the original circuit. 

3. Replace each transistor by its A-parameter model (Fig. 8-6). 

4. Transfer all circuit elements from the actual circuit to the equivalent 
circuit of the amplifier. Keep the relative positions of these elements intact. 

5. Replace each independent de source by its internal resistance. The 
ideal voltage source is replaced by a short circuit, and the ideal current source 
by an open circuit. 

6. Solve the resultant linear cireuit for mesh or branch currents and node 
voltages by applying Kirchhoff’s current and voltage laws (KCL and KV1). 


It should be emphasized that it is not necessary to use the foregoing 
general approach for a circuit consisting of a cascade of CE, CB, and/or CC 
stages. Such configurations are analyzed very simply by direct applications 
of the formulas in Table 8-4. 


8-11 MILLER’S THEOREM AND ITS DUAL 


Whereas the rules given in the preceding section are completely general, cer- 
tain configurations can be analyzed more simply by using Miller’s theore-~.® 
Hence we digress briefly to discuss this important theorem. It is invoked 
often in connection with many topics in this book. Consider an arbitrary 
circuit configuration with N distinct. nodes 1, 2,3, ... , N, as indicated in 
ig. 8-17. Let the node voltages be Vi, Vo, Vs, .. . , Vy, where Vy = 0 
since N is the reference, or ground, node. Nodes I and 2 (referred to as Ny 
and N»2) are interconnected with an impedance Z’. We postulate that we 
know the ratio V2/Vi. Designate the ratio V2/Vi by K, which in the sinus- 
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(2) (5) 


Fig. 8-17 Pertaining to Miller's theorem. By definition, K = V2/V,. The 
networks in (a) and (b) have identical node voltages. Note that J; = —J>. 


oidal steady state will be a complex number and, more generally, will be a 
function of the Laplace transform variable s. We shall now show that the 
current I; drawn from N, through Z’ can be obtained by disconnecting ter- 
minal 1 from Z’ and by bridging an impedance Z’/(1 — K) from N; to ground, 
as indicated in Fig. 8-170. 

The current J; is given by 


Va = Ve Vall —oK) oS Va Ji 
Z’ ry Zz’ Z/1l—K) 2; 


(8-44) 


Therefore, if Z1 = Z2’/(1 — K) were shunted across terminals Ni-N, the cur- 
rent J; drawn from N, would be the same as that from the original circuit. 
Hence KCL applied at Ni leads to the same expression in terms of the node 
voltages for the two configurations (Fig. 8-17a and b). 

In a similar way, it may be established that the correct current 7, drawn 
from N; may be calculated by removing Z’ and by connecting between N2 and 
ground an impedance Ze, given by 


Z’ ZK 
= [=k K=a . (8-45) 
Since identical nodal equations (KCL) are obtained from the configurations of 
Fig. 8-17a and 5, these two networks are equivalent. It must be emphasized 
that this theorem will be useful in making calculations only if it is possible to 
find the value of K by some independent means. 


EXAMPLE For the amplifier shown in Fig. 8-18a calculate R:, Rj, Av, Ave, 
and A; = —I2/I;. The transistor parameters are specified in Table 8-2. 
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Solution Miller’s theorem is applied to the 200-K resistance R’ so that Fig. 8-18 
is obtained, where K = Ay is the voltage gain from base to collector. Assuming 
that this gain is much larger than unity (—Ay>> 1), then 


200 


From Table 8-4 

Mp —50 > 
L+AoRi, 1+ (9.52/40) 

Ri = hie + hy ArRy, = 1.1 — 2.5 X 10-4 X 40.3 X 9.52 = 1.00 K 


_ Ark, _ —40.8 X 9.52 
R; 1.00 


We have thus verified the assumption that —Ay >>1 
Since 200/(1 — Avy) = 200,'385 = 0.520 K, then Rj = R,||(0.520) K, or 


_ 1,000 X 520 
1,520 


Ri _ —384 X 0.343 


—40.3 


Ar 


Ay = —3884 


Ri 


= 343 Q 


Ay, aod A = —12.7 


"Ri+R, 0.343 + 10 
e 
Ay=- Bes Ve Boz Ag Eee (12.7) (AH) = 13.15 


I, Rr Ve Ri 


Fig. 8-18 Example using Miller's theorem. 
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Fig. 8-19 Pertaining to the dual of Miller’s theorem. By definition 
A; = —I,/I;. The networks in (a) and (6) have the same currents J, 
and J, if excited by the same voltages View and Vow. 


Dual of Miller's Theorem Consider the network of Fig. 8-19a with arbi- 
trary active or passive linear elements between nodes 1, 2, and 3 and with an 
impedauce Z’ between node 3 and ground N. The two loops indicated are 
coupled by means of the common element Z’. We postulate that we know 
the current ratio Ar = —I2/Jh. 

The dual of Miller’s theorem is indicated in Fig. 8-19b, where node 3 is 
grounded, an impedance 4; is placed in mesh 1, and Z, is added to mesh 2. 
It is readily verified that the voltage 121 equals the drop (11 + I2)Z’ across 
Z’ if Z, = Z’(1 — Ar). Hence Vyy is the same in the two circuits in Fig. 
8-19a and b (for the same currents J; and J:). In a similar manner Vay has 
the same value in the two circuits if Z, = [(Ar ~ 1)/Az]Z’. The two net- 
works are therefore identical, in the sense that if the same voltages Vyw and 
Vyy are impressed on both, the same current J will flow in mesh 1, and J, 
in mesh 2. 

This transformation is useful in circuit analysis and is employed in Sec. 
8-15. - 


8-12 CASCADING TRANSISTOR AMPLIFIERS 


When the amplification of a single transistor is not sufficient for a particular 
purpose, or when the input or output impedance is not of the correct. magni- 
tude for the intended application, two or more stages may be connected in 
cascade; i.e,, the output of a given stage is connected to the input of the next 
stage, as shown in Fig. 8-20. In the circuit of Fig. 8-21la the first stage is 
connected common-emitter, and the second is a common-collector stage. 
Figure 8-21) shows the small-signal circuit of the two-stage amplifier, with 
the biasing batteries omitted for simplicity, since these do not affect the small- 
signal calculations. 
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Stage 2 


Fig, 8-20 Two cascaded stages. 


To analyze a circuit such as the one of Trig. 8-21, we make use of the 
general expressions for Ay, Z;, Ay, and Y, from Table 8-4, It is necessary 
that we have available the h parameters for the specific transistors used in 
the circuit. The h-parameter values for a specific transistor are usually 
obtained from the manufacturer’s data sheet. 


ee 
EXAMPLE Shown in Fig, 8-21 is a two-stage amplifier circuit in a CE-CC con- 
figuration. The transistor parameters at the corresponding quiescent points are 


hig = 2K hye = 50 hy, = 6 X 1074 Noe = 25 wA/V 
hye = 2K Ng = —51 he = hoc = 25 wA/V 


Find the input and output impedances and individual, as well as overall, voltage 
and current gains. 


Solution We note that, in a caseade of stages, the collector resistance of one stage 
is shunted by the input impedance of the next stage. Hence it is advantageous to 
start the analysis with the last stage. In addition, it is convenient (as already 
noted in Sec. 8-6) to compute, first, the current gain, then the input impedance 
and the voltage gain. Finally, the output impedance may be calculated if desired 
by starting this analysis with the first stage and proceeding toward the output 
stage. 


The second stage. From Table 8-4, with Ry = Ro, the current gain of the 
last stage is 
Leg ae hye 51 


diy PS : = : 
Ise 1+ AocRer 1 +25 X 10-°X 5X 108 


= 45.3 


The input impedance Rjz is 
Rio = hie + drcArReo = 2 + 45.3 X 5 = 298.5 K 


Note the high input impedance of the CC stage. The voltage gain of the second 
stage is 
Rio 45.38 5 


Vo 
Hees se = = 0.991 
Me) es eae” = SEBS 
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Ry Ro Ro Ris Roa Re 


Fig. 8-21 (a) Common-emitter-common-collector amplifier. (b) 
Small-signal circuit of the CE-CC amplifier. 


or alternatively, from Eq. (8-42) 


hice 2 
Ayes ae Se ei 
ie Rn 228.5 


The first stage. We observe that the net load resistance Rr. of this stage is 
the parallel combination of R., and Rie (written in symbolic form, Rz1 = Ral|Ris), 
or 

- a4 
Ry, = Rae _ 5X 285 yy 
Rat Rig | 283.5 


Hence 


Tey age — 50 


Byoa = es 
cS Ty 1 +hRu: 1+25X10-°X 49 X 108 


—44.5 


The input impedance of the first stage, which is also the input impedance of the 
cascaded amplifier, is given by 


Ri = hie + he Ani: = 2-6 X 10-4 X 44.5 & 4.9 = 1.87 K 


Sec. 8-12 


The voltage gain of the first stage is 
Va Ankiy 


Ay = = 


Vi Ris 1.87 


The output admittance of the transistor is, from Eq. (8-35) or Table 8-4, 
50 X 6 X 10-4 


Audra 


~44.5 X 4.9 = ~1166 


Vor = hoe — —— = 25 X 10-6 — 
: hig + Ra 
= 15 pA/V 
Hence 
1 108 
aan = 0 = 66.7K 
Ba Y. 15 


2X 10? +1 x 103 
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= 15 X 10°°3 


The output impedance of the first stage, taking Re into account, is Ro {[Rey, or 


R=. Reker az 5 X 66.7 
"Ra +R 5 466.7 


The output resistance of the last stage. 


for the second transistor Q2 is Foil|Ra. 


Nyse 


Yo2 = hoe — = 25 X 107-6 — 


= 4.65 K 


hie + Rio 


The effective source resistance Ry 
Thus RB’, = Ri, = 4.65 K, and 
=51 x 1 


2X 10° + 4.66 x igs OX OP A/V 


Hence Roz = 1/¥o2 = 130 , where Ryo is the output impedance of transistor Q2 
under open-circuit conditions. The output impedance Rj of the amplifier, taking 


R.z into account, is Roo||Re, or 


pi — Peele _ 180 X 5,000 
Ro +R 130 + 5,000 


‘0 


= 1270 


The overall current and voltage gains. The total current gain of both stages is 


I, Tae Tse Ie 
Aya — 12 fee fon Ter An 


Toy Loe Ter Ii Le 


From Fig. 8-22 we have 


Loz Sus Rey 
Tey Rio + Re 
Hence 
Ar = AnA Res 45.3 X (—44.5) x 5 = —43.2 
ean eine 298.5 + 5 
wen Tea 


Fig. 8-22 Relating to the calculation of over- 
all current gain. 


C,o 


(8-46) 


(8-47) 


B, 
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For the voltage gain of the amplifier we have 


0 od: 
Ay = Ve VOU AyAvi (8-48) 


or 


Ay = 0.99 X (—116.6) = —115 


The voltage gain can also be obtained from 


Rie 5 
Ay=A = —43.2 X = —115 
ree iy 1.87 
The overall voltage gain, taking the source impedance into account, is given by 
ie ae ies 75.3 


yo Rat he 


Table 8-6 summarizes the results obtained in the solution of this problem. 


TABLE 8-6 Results of the example on page 259 


Transistor Q2 | Transistor Q1 | Both stages 


cc CE CE-CC 
Ar 45.3 44.5 —43.2 
R; 228.5 K 1.87 K 1.87 K 
Ay 0.99 —116.6 —115 
Rr’ 1272 4.65 K 127 2 


Choice of the Transistor Configuration in a Cascade It is important 
to note that the previous calculations of input and output impedances and 
voltage and current gains are applicable for any connection of the cascaded 
stages. They could be CC, CB, or combinations of all three possible 
connections. 

Consider the following question: Which of the three possible connections 
must be used in cascade if maximum voltage gain is to be realized? For the 
intermediate stages, the common-collector connection is not used because the 
voltage gain of such a stage is less than unity. Hence it is not possible (with- 
out a transformer) to increase the overall voltage amplification by cascading 
common-collector stages. 

Grounded-base RC-coupled stages also are seldom cascaded because the 
voltage gain of such an arrangement is approximately the same as that of the 
output stage alone. This statement may be verified as follows: The voltage 
gain of a stage equals its current gain times the effective load resistance Rr 
divided by the input resistance R;. The effective load resistance Fz is the 
parallel combination of the actual collector resistance FR, and (except for the 
last stage) the input resistance #&; of the following stage. This parallel com- 
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bination is certainly less than R,, and hence, for identical stages, the effective 
load resistance is less than R; The maximum current gain is hy, which is 
less than unity (but approximately equal to unity). Hence the voltage gain 
of any stage (except the last, or output, stage) is less than unity. (This 
analysis is not strictly correct because the R, is a function of the effective load 
resistance and hence will vary somewhat from stage to stage.) 

Since the short-circuit current gain hy. of a common-emitter stage is 
much greater than unity, it is possible to increase the voltage amplification by 
cascading such stages. We may now state that in a cascade the intermediate 
transistors should be connected in a common-emitter configuration. 

The choice of the input stage may be decided by criteria other than the 
maximization of voltage gain. For example, the amplitude or the frequency 
response of the transducer V, may depend upon the impedance into which 
it operates. Some transducers require essentially open-circuit or short-circuit 
operation. In many cases the common-collector or common-base stage is 
used at the input because of impedance considerations, even at the expense of 
voltage or current gain. Noise is another important consideration which may 
determine the selection of a particular configuration of the input stage. 

The output stage is selected also on the basis of impedance considerations. 
Since a CC stage has a very low output resistance, it is often used for the last 
stage if it is required to drive a low impedance (perhaps capacitive) load. 


8-13 SIMPLIFIED COMMON-EMITTER HYBRID MODEL® 


In the preceding sections, we carried out detailed calculations of current gain, 
voltage gain, input, and output impedances of illustrative transistor amplifier 
circuits. 

In most. practical cases it is appropriate to obtain approximate values of 
Ar, Ay, Ri, and R, rather than to carry out the more lengthy exact calcula- 
tions. We are justified in making such approximations because the h param- 
eters themselves usually vary widely for the same type of transistor. Also, a 
better “physical feeling” for the behavior of a transistor circuit can be 
obtained from a simple approximate solution than from a more laborious 
exact calculation. 

We show below that two of the four h parameters, h,;. and hy., are sufficient 
for the approximate analysis of low-frequency transistor circuits, provided that 
the load resistance is small enough to satisfy the condition h,.R; < 0.1. The 
simplified model is shown in Vig. 8-23. This equivalent circuit may be used 
for any configuration by grounding the appropriate node. The signal is con- 
nected between the input terminal and ground, and the load is placed between 
the output node and ground. By examining in detail the errors introduced in 
the calculation using this simplified model, it is found that, if Ry, is no larger 
than 0.1/hoe, the error in Ar, R;, Ay, or R; is less than 10 percent. 

Consider first the common-emitter configuration. igure 8-24 shows the 
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Fig. 8-23 Approximate hybrid model 
which may be used for all three con- 
figurations CE, CC, and CB. 


CE stage with the transistor replaced by the approximate model of Fig. 8-23. 
We now compare the exact results with those obtained from the simplified 
analysis. 


Current Gain From Table 8-4 the CE current gain is given by 
—hye 


oat 4 1 + Neeley 


(8-49) 


Hence we immediately see that the approximation (Fig. 8-24) 
Ar = —hye 
overestimates the magnitude of the current gain by less than 10 percent if 
helt < 0.1. 
Input Impedance From Table 8-4 the input resistance is given by 
Re = hic + RreArkt 


which may be put in the form 
= ~y hreltfe |Az| 
Ri = hie ( Fisdlos Jie Rocker (8-50) 


Using the typical h-parameter values in Table 8-2, we find hyetye/Richoe = 0.5. 
From Eq. (8-49), we see that |Az| < hye. Hence, if hoeltz < 0.1, it follows 
from Eq. (8-50) that the approximation obtained from Fig. 8-24, namely, 


(8-51) 
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Voltage Gain From Table 8-4 the voltage gain is given by 


ao Baa age hye Rr 
Ay = Arpt = — He (8-52) 


If we take the logarithm of this equation and then the differential, we obtain 


dAy _ dA; _ dR; 
Ag Ae Ee (6-58) 


From the preceding discussion the maximum errors for Noel, < 0.1 are 


adAr dk; _ 

> ae +0.1 and 2 +0.05 
Hence the maximum error in voltage gain is 5 percent, and the magnitude 
of Ay is overestimated by this amount. 


Output Impedance The simplified circuit of Fig. 8-24 has infinite out- 
put resistance because, with V, = 0 and an external voltage source applied 
at the output, we find J, = 0, and hence J, = 0. However, the true value 
depends upon the source resistance R, and lies between 40 and 80 K (Fig. 
8-16d). For a maximum load resistance of Rr = 4 K, the output resistance 
of the stage, taking Rz into account, is 4 K, if the simplified model is used, 
and the parallel combination of 4 K with 40 K (under the worst case), if the 
exact solution is used. Hence, using the approximate model leads to a value 
of output resistance under load which is too large, but by no more than 10 
percent. 

The approximate solution for the CE configuration is summarized in the 
first column of Table 8-7. In summary, two of the four h parameters, h;, 
and hy., are sufficient for the approximate analysis of low-frequency transistor 
circuits, provided the load resistance Rz is no larger than 0.1/ho. For the 
value of hoe given in Table 8-2, Rz must be less than 4 K. The approximate 
circuit is always valid when CE transistors are operated in cascade because 
the low input impedance of a CE stage shunts the output of the previous 
stage so that the effective load resistance Ri, satisfies the condition heeR), < 0.1. 


8-14 SIMPLIFIED CALCULATIONS FOR THE 
COMMON-COLLECTOR CONFIGURATION 


Figure 8-25 shows the simplified circuit of Fig. 8-23 with the collector grounded 
(with respect to the signal) and a load Rz connected between emitter and 
ground. 


Current Gain From Fig. 8-25 we see that 


dpe Aad Pa, (8-54) 
i 
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Fig. 8-25 Simplified hybrid model 
for the CC circuit. 


Comparing this equation with the exact expression (8-40), we conclude 
that when the simplified equivalent circuit of Tig. 8-25 is used, the current 
gain is overestimated by less than 10 percent if heeltz < 0.1. 


Input Resistance From Fig. 8-25 we obtain 


= * = het + hd Bs (8-55) 
Note that R:>> he ~ 1 K even if Rz is as small as 0.5 K, because hy, > 1. 
If we substitute from Eg. (8-54) into the exact expression (8-41), we obtain 
Eg. (8-55). However, we have just concluded that Eq. (8-54) gives too high 
a value of Ay by at most 10 percent. Hence it follows that R,, as calculated 
from Eq. (8-55) or Fig. 8-25, is also overestimated by less than 10 percent. 


Voltage Gain If Eq. (8-53) is used for the voltage gain, it follows from 
the same arguments as used in the CE case that there will be very little error 
in the value of Ay. Analternative proof isnow given. The voltage gain of the 
emitter follower is close to unity, and is given by Eq. (8-42), or 1 — Ay = hie/ Ri. 
If, for example, R; = 102,., then Ay = 0.9. If, however, we use an approxi- 
mate value of R; which is 10 percent too high, then hi./Rs = ¢r = 0.09 and 
Ay = 0.91. Hence the approximate calculation for Ay gives a value which is 
only 1 percent too high. 


Output Impedance In Fig. 8-25 the open-circuit output voltage is V. 
and the short-circuit output current is 


7 
iz (1 oe hye) In a (1 + hye) V 8 


Nie + Re 
Hence the output admittance of the transistor alone is, from Eq. (8-86), 
3 I =a 1+ Nye 
ahead Aaa It: 3 eer 
From Eq. (8-48), the exact expression for Y, is 


1+ hye 


Yo = hoe + Rise a R, 


(8-57) 
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Even if we choose an abnormally large value of source resistance, say, 
R, = 100 K, then (using the typical h-parameter values in Table 8-2) we 
find that the second term in Eq. (8-57) is large (500 uA/V) compared with 
the first term (25 wA/V). Hence the value of the approximate output admit- 
tance given by Eq. (8-56) is smaller than the value given by Eq. (8-57) by 
less than 5 percent. The output resistance R. of the transistor, calculated 
from the simplified model, namely, 
hie + R, 
Be % 1 + hye : 

is an overestimation by less than 5 percent. The output resistance Rj of the 
stage, taking the load into account, is &. in parallel with #r. 

The approximate solution for the CC configuration is summarized in the 
third column of Table 8-7. 


TABLE 8-7 Summary of approximate equations for ho.(Re + Rr) < 0-1f 


CE CE with Re cc CB 
A h h 1th a 
IT fe fe fe fe = 1 a hye 
R; | hi hie + (L + hy)Re | hie + (1 thy) Ri| he = Mao 
i ie ie fe) he ie seth ib 1+ he 
hy Ry hye hie Ri 
oa ame Ri ae as 
R, . _ Ra + hie > 
L+hye 
R, Ri isa Rol|Ri Rt 


t (Ri)ex is an underestimation by less than 10 percent. All other quantities except 
Rp are too large in magnitude by less than 10 percent. 


EXAMPLE Carry out the calculations for the two-stage amplifier of Fig. 8-21 
using the simplified model of Fig. 8-23. 
Solution First note that, since h,,.Rz = 25 X 10-§ X 5 & 103 = 0.125, which is 
slightly larger than 0.1, we may expect errors in our approximation somewhat 
larger than 10 percent. 

For the CC output stage we have, from Table 8-7 


An=1+thy = 51 
Rio = hie + (1 + Ay) Ra = 2 + (51)(5) = 257 K 
hy 2 


Ay ) = = =i = = 0.992 
Us Ra 257 
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For the CE input stage, we find, from Table 8-7 
An = —hp = —50 Ra = hi = 2K 
The effective load on the first stage, its voltage gain, and output impedance are 


Rak. _ (5)(257) 
Ries = =4.9K 
Ra Re 262 


7 Anki = — (50) (4.9) = —193 
Ri 2 


Ry = Ra = 5K 


Ay 


Since R), is the effective source impedance for Q2, then, from Table 8-7, 


_ hie + Rs _ 2,000 + 5,000 


Ro = 1372 
SCTE hy 51 
pi, = Raia _ (137)(6,000) _ say 0 
Ror + Riz 5,137 


Finally, the overall voltage and current gains of the cascade are 
Ay = AyjAve = (—123)(0.992) = —122 


Ra 5 
= (—50)(51 = 48.7 
FETT a a (; a =a) 3 


Alternatively, Ay may be computed from 


Riz (48.7) (5) 
Ay = Ape? = — SEU Ly 99 
La "Ra 9 


sm 


Ar=AnAn 


Table 8-8 summarizes this solution, and should be compared with the 
exact values in Table 8-6. We find that the maximum.errors are just slightly 
above 10 percent, as anticipated. It should also be noted that all the approxi- 
mate values are numerically too large, as predicted. 


TABLE 8.8 Approximate results of the 
example on page 267 


Both stages 


Following procedures exactly analogous to those explained in Secs. 8-13 
and 8-14 for the CE and CC configurations, respectively, the approximate 
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formulas given in the fourth column of Table 8-7 may be obtained for the 
CB stage. 


8-15 THE COMMON-EMITTER AMPLIFIER 
WITH AN EMITTER RESISTANCE 


Very often a transistor amplifier consists of a number of CE stages in cascade. 
Since the voltage gain of the amplifier is equal to the product of the voltage 
gains of each stage, it becomes important to stabilize the voltage amplification 
of each stage. By stabilization of voltage or current gain, we mean that the 
amplification becomes essentially independent of the h parameters of the tran- 
sistor. From our discussion in Sec. 8-4, we know that the transistor param- 
eters depend on temperature, aging, and the operating point. Moreover, these 
parameters vary widely from device to device even for the same type of 
transistor. 

The necessity for voltage stabilization is seen from the following example: 
Two commercially built six-stage amplifiers are to be compared. If each stage 
of the first has a gain which is only 10 percent below that of the second, the 
overall amplification of the latter is (0.9)° = 0.53 (or about one-half that of 
the former). And this value may be below the required specification. A 
simple and effective way to obtain voltage-gain stabilization is to add an 
emitter resistor R, to a CE stage, as indicated in the circuit of Fig. 8-26. 
This stabilization is a result of the feedback provided by the emitter resistor. 
The general concept of feedback is discussed in Chap. 13. 

We show in this section that the presence of &. has the following effects 
on the amplifier performance, in addition to the beneficial effect on bias 


© Vee 


Vv; 
(1+ hye )Ie 


(a) (6) 


Fig. 8-26 (a) Common-emitter amplifier with an emitter resistor. 
(b) Approximate small-signal equivalent circuit. 
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stability discussed in Chap. 9: It leaves the current gain Ar essentially 
unchanged; it increases the input impedance by (1 + hy.)R.; it increases the 
output impedance; and under the condition (1 + hy,)R. > Rie, it stabilizes the 
voltage gain, which becomes essentially equal to —R1/R, (and thus is inde- 
pendent of the transistor). 


The Approximate Solution An approximate analysis of the circuit of 
Fig. 8-26a can be made using the simplified model of Fig. 825 as shown in 
Fig. 8-26b. 

The current gain is, from Fig. 8-26), 


Ay = t= St = hy, (8-58) 


The current gain equals the short-circuit value, and is unaffected by the 
addition of R.. 
The input resistance, as obtained from inspection of Fig. 8-268, is 


Bim Fi = het (Ut bed (8-59) 
The input resistance is augmented by (1 + hy.)R., and may be very much 
larger than hy. For example, if R. = 1 K and hy, = 50, then 


(1 + hy)Re = 51K hy © 1K 


Hence an emitter resistance greatly increases the input resistance. 
The voltage gain is 
ArRt hy Rt 
Ay = = ~ 

Mi Ry hie + a + hy) Re Ke ou) 
Clearly, the addition of an emitter resistance greatly reduces the voltage 
amplification. This reduction in gain is often a reasonable price to pay for the 
improvement in stability. We note that, if (1 + hy.) R. >> hee, and since 
hye > 1, then 


AY TE hig Be ~ Re Sa 
Subject to the above approximations, Ay is completely stable Gf stable 
resistances are used for Hz and R,), since it is independent of all transistor 
parameters. 

The output resistance of the transistor alone (with Rz considered exter- 
nal) is infinite for the approximate circuit of Fig. 8-26, just as it was for the 
CE amplifier of Sec. 8-13 with R, = 0. Hence the output impedance of the 
stage, including the load, is Rr. 


Looking into the Base and Emitter of a Transistor On the basis of 
Eq. (8-59), we draw the equivalent circuit of Fig. 8-27a from which to calculate 
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(1+ hye Le L, 


aa LN 
(a) (b) 
Fig. 8-27 (a) Equivalent circuit “looking into the base”’ of Fig. 
8-26. This circuit gives (approximately) the correct base current. 
(b) Equivalent circuit "looking into the emitter’ of Fig. 8-26. This 
circuit gives (approximately) the correct emitter voltage V, 
and the correct emitter and base currents. 


the base current with the signal source applied. This network is the equivalent 
circuit “looking into the base.” From it we obtain 


V, 
R, + hie + qd ah hye) Re 


From Fig. 8-26 and Eq. (8-62) we find the emitter-to-ground voltage to be 


£ VR. 
(R, + hie) / CO. + Hye) + R. 


This same expression may be obtained from Fig. 8-27b, which therefore repre- 
sents the equivalent circuit “looking into the emitter.” From Fig. 8-27b 
we can obtain the emitter current J. = —V./R. and also the base current 
Ty = —I./(1 + Rge). 

Note that I, and J. = AyeZy are independent of R,, and hence the approxi- 
mate equivalent circuits in Fig. 8-27 are also valid for the emitter follower. 


Ty 


(8-62) 


Ven = Ve oa (1 + hy) Ip Re 


(8-63) 


Validity of the Approximations For the CE case, with R, = 0, the 
approximate equivalent circuit of Fig. 8-24 is valid if h.R, < 0.1. What is 
the corresponding restriction for the circuit with R, ~0? We can answer 
this question and, at the same time, obtain an exact solution, if desired, by 
proceeding as indicated in Fig. 8-28. The exact value of the current gain 
of Fig. 8-28a (which is the same as that of Vig. 8-26a) is Ar = —I,/Iy. The 
configuration in Fig. 8-28@ corresponds to that in Fig. 8-19a@ with Z’ = R,, 
I, = Iy, and I; = I,. Hence applying the dual of Miller’s theorem (Fig. 
8-19b), we obtain the circuit of Fig. 828. The two amplifiers of Fig. 8-28a 
and 6 are equivalent in the sense that the base and collector currents are the 
same in the two circuits. 

The effective load impedance FR}, is, from Fig. 8-288, 


Ar-—1 
Ar 


Ri = Ri + Re (8-64) 
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A,-1 
— er )r 


| 
pa- ADL 


(a) (b) 


Fig. 8-28 (a) Transistor amplifier stage with unbypassed emitter resistor 
R,. (b) Small-signal equivalent circuit. 


We know from the above approximate solution that Ar ~ —hy., and since 
hye > 1, then Ri, ~ Ri.+ R.. Since in Fig. 8-28b the emitter is grounded 
and the collector resistance is 2, the approximate two-parameter (hie and hye) 
circuit is valid, provided that 


hoelty, = hoo(Rt + R.) < 0.1 (8-65) 


This condition means that the sum of R, and R, is no more than a few thousand 
ohms, say, 4 K for 1/h. = 40 K. Furthermore, R, is usually several times 
smaller than fy, in order to have an appreciable voltage gain [Eq. (8-61)]. 

The approximate solution for the CE amplifier with an emitter resistor 
f&, is summarized in the second column of Table 8-2. 


The Exact Solution If the above inequality (8-65) is not satisfied for a 
particular amplifier, an exact solution can readily be obtained by referring 
to Fig. 8-28) and to Table 8-4. For example, the current gain is 

shy shy. 
A; = T+ haRE a5 (8-66) 
1 + Noe Rr + Ar Rg. 


From the above equation we can solve explicitly for Az, and we obtain the 
following: 


hoeRe = hfe 
1 + Roe Ri, + BR.) 


Ar = (8-67) 


If the inequality (8-65) is satisfied, then hol. &K hy., and the exact expression 
(8-67) reduces to Ar ~ —hy., in agreement with Eq. (8-58). 
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The exact expression for the input resistance is, from Fig. 8-28) and 
Table 8-7, 
V; 


Ry = \ ae (1 — Ar)Re + hie + hye Ar RY (8-68) 
where Rj, is given by Eq. (8-64). Usually, the third term on the right-hand 
side can be neglected, compared with the other two terms, The exact expres- 
sion for the voltage amplification is 
_ Ark 

R: 
where the exact values for A; and R; from Eqs. (8-67) and (8-68) must be 
used. 

The exact expression for the output impedance (with Ry, considered 
external to the amplifier) is found, as outlined in Prob. 8-47, to be 


1 (L + hy) Re + (Rs + hie) (1 + Mocke) 


Ay (8-69) 


sient Soba ATES AE TEA LY, em) 
Note that, if R. > R, + hs, then 
ie 1 -+- hye (RB + Ae) + Noekte) 
sahara Tei hott, 
a a 
= Fg t (he + he) ( ae cn) (8-71) 


where the conversion formula (Table 8-3) from the CE to the CB A parameters 
is used. Since 1/ho, ~ 2 M, we see that the addition of an emitter resistor 
greatly increases the output resistance of a CE stage. This statement is true 
even if FR, is of the same order of magnitude as R, and hy. For example, 
for R. = R, = 1 K, and using the h-parameter values in Table 8-3, we find 
from Eq. (8-70) that R, = 817 K, which is at least ten times the output 
resistance for an amplifier with R, = 0 (Fig. 8-16d). 


The Effect of a Collector-circuit Resistor in an Emitter Follower Con- 
sider a CC stage with an emitter resistor R, and also a collector resistor R,. 
The resistor R, is frequently added in the circuit to protect the transistor 
against an accidental short circuit across R. or against a large input-voltage 
swing. , 

From Fig. 8-28 we see that the relationship between the CE current gain 
Ar. (designated simply A; in the figure) and the CC current gain Ay, is 


A; =1— Are (8-72) 
where 


Ar =—-+ and Arn =-— 
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Substituting Eq. (8-67) in Eq. (8-72), with Ry, replaced by R,, we obtain 
the exact expression 
A = 1 + hock. + hye 
1 T+ ho Re + R,) 
The value of FR; is obtained from Eq. (8-68), with Az replaced by Az, and 


Ri by &. The voltage gain of the emitter follower with R, present in the 
collector circuit is obtained as follows: 


(8-73) 


(8-74) 


Subject to the restriction hoe(R. + R.) «1, the approximate formulas 
given in the third column of Table 8-7 are valid, and the protection resistor 
&, has no effect on the small-signal operation of the emitter follower. 


8-16 HIGH-INPUT—RESISTANCE TRANSISTOR CIRCUITS’ 


In some applications the need arises for an amplifier with a high input imped- 
ance. For input resistances smaller than about 500 K, the emitter follower 
discussed in Sec. 8-8 is satisfactory. To achieve larger input impedances, 
the circuit shown in Fig. 8-29a, called the Darlington connection, is used.t 
Note that two transistors form a composite pair, the input resistance of the 
second transistor constituting the emitter load for the first. More specifically, 
the Darlington circuit consists of two cascaded emitter followers with infinite 
emitter resistance in the first stage, as shown in Fig. 8-29d. 

The Darlington composite emitter follower will be analyzed by referring 


{ For many applications the field-effect transistor (Chap. 10), with its extremely high 
input impedance, would be preferred to the Darlington pair. 


(a) (b) 


Fig. 8-29 (a) Darlington pair. Some vendors package this 
device as a single composite transistor with only three external 
leads. (b) The Darlington circuit drawn as two cascaded CC 
stages, 
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Fig. 8-30 Darlington emitter 
follower. " 


a ai Re OV, 


Ri; ai! 


to Fig. 8-30. Assuming that h,.R, < 0.1 and hy-R, > hie, we have, from Table 
8-7, for the current gain and the input impedance of the second stage, 


Arn = Th = 1+ hye Ra~AI+ hye) Re (8-75) 


Since the effective load for transistor Q1 is Riz, which usually does not 
meet the requirement hoefti2 < 0.1, we must use the exact expression of Eq. 
(8-40) for the current gain of the first transistor: 


_ Ie 1 + hye 1 + Aye 


M7 shee ial, (8-76) 
and since hoe. < 0.1, we have 
as 1 + hye 
ee ee ahah Ce) 
The overall current gain for Fig. 8-80 is 
I, 1,1 
ie aioe AnAn 
or 
2 
Kee he) (8-78) 


1 + NochseRe 
Similarly, for the input resistance of Q1, we must use Eq. (8-41): 


2 

Ra = hie + Ankin = ne (8-79) 
This equation for the input resistance of the Darlington circuit is valid for 
Rocke < 0.1, and should be compared with the input resistance of the single- 
stage emitter follower given by Eq. (8-55). If R, = 4 K, and using the h 
parameters of Table 8-2, we obtain R;. = 205 K for the emitter follower and 
Ra = 1.73 M for the Darlington circuit. We also find Ay = 427, which is 
much higher than the current gain of the emitter follower (= 51). 
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We have assumed in the above computations that the h parameters of Q1 
and Q2 are identical. In reality, this is usually not the case, because the h 
parameters depend on the quiescent conditions of Q1 and Q2. Since the 
emitter current of Q1 is the base current of Q2, the quiescent current of the 
first stage is much smaller than that of the second. Irom Jig. 8-8 we see that 
hye does not vary drastically with current, and hence we have assumed 


Ryger ES Nyeo er hye 


in the above equations. The symbol h.., which increases rapidly with current, 
refers to Q1 in these equations. In Chap. 11 we show that the short-circuit 
input resistance varies approximately inversely with collector current [Eq. 
(11-11)]. Since the current in Q2 is 1+ hy. times the current in.Q1, then 
hier © (1 + Aye)hion. Using this relationship, we find (Prob. 8-50) that the 
voltage gain of the Darlington emitter follower is 


hier 


Ay = l]- Res (2 + Noch seRe) ‘ (8-80) 
72 


and the output impedance is 


R, I 2h ied 


eer Ee Lhe 


(8-81) 


We conclude from the above equations that the Darlington emitter follower 
has a higher input resistance and a voltage gain less close to unity than does a 
single-stage emitter follower. The output impedance of the Darlington circuit 
may be greater or smaller than that of a single-transistor emitter follower, 
depending upon the value of R, relative to his. If R, = 0, then R, for the 
Darlington combination is twice R, for a single-stage follower, as can be seen 
by comparing Eq. (8-81) with Eq. (8-57). 

A major drawback of the Darlington transistor pair is that the leakage 
current of the first transistor is amplified by the second. Hence the overall 
leakage current may be high and a Darlington connection of three or more 
transistors is usually impractical. 

The composite transistor pair of Fig. 8-29a can, of course, be used as a 
common-emitter amplifier. The advantage of this pair would be a very high 
overall hye, nominally equal to the product of the CE short-circuit current 
gains of the two transistors. In fact, Darlington intcgrated transistor pairs 
are commercially available with hy. as high as 30,000. 


The Biasing Problem In discussing the Darlington transistor pair, we 
have emphasized its value in providing high-input impedance. However, we 
have oversimplified the problem by disregarding the effect of the biasing 
arrangement used in the circuit. Figure 8-3la shows a typical biasing net- 
work of resistors Ri, Re, and R,. The input resistance R; of this stage (dis- 
cussed in detail in Sec. 9-3) consists of R;||R’, where R’ = R,||Re. Assume 
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~ Voc 


Fig. 8-31 (a) A self-biasing circuit. (b) The bootstrap principle 
increases the effective value of Rs. 


that the input circuit is modified as in Fig. 8-31b by the addition of Rs but 
with C’ = 0 (that is, for the moment, ignore the presence of C’). Now R’ is 
increased to R3 + Ri\|R2. However, since R; is usually much greater than R’, 
it is seen that Rj = R’, which may be a few hundred kilohms at most. 

To overcome the decrease in the input resistance due to the biasing net- 
work, the input circuit of Fig. 8-316 is modified by the addition of C’ between 
the emitter and the junction of R, and Ry. The capacitance C’ is chosen large 
enough to act as a short circuit at the lowest frequency under consideration. 
Hence the bottom of A; is effectively connected to the output (the emitter), 
whereas the top of R; is at the input (the base). Since the input voltage is 
V, and the output voltage is V, = AyV;, the circuit of Fig. 8-17 and Miller’s 
theorem can be used to calculate the current drawn by R; from the input signal. 
We can then see that the biasing arrangement 21, Re, and R; represents an 
effective input resistance of 


Ret = ——>- , (8-82) 


Since, for an emitter follower, Ay approaches unity, Ru, becomes extremely 
large. Jor example, with Ay = 0.995 and A; = 100 K, we find Rue = 20 M. 
Note that the quiescent base current passes through &:, and hence that a few 
hundred kilohms is probably an upper limit for Rs. 

The above effect, when Ay — +1, is called bootstrapping. The term 
arises from the fact that, if one end of the resistor Rs; changes in voltage, the 
other end of R; moves through the same potential difference; it is as if Ry were 
pulling itself up by its bootstraps.” The input resistance of the CC amplifier 
as given by Eq. (8-42) is Rj = hie/(1 — Av). Since this expression is of the 
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form of Eq. (8-82), here is an example of bootstrapping of the resistance hte 
which appears between base and emitter. 

In making caleulations of Ar, R;, and Ay, we should, in principle, take 
into account that the emitter follower is loaded, not only by R, and Ri||Re, 
but also by #3. The extent to which R; loads the emitter follower is calcu- 
lated as follows: The emitter end of R; is at a voltage Ay times as large as 
the base end of R;. From Fig. 8-17, illustrating Miller's theorem, the effec- 
tive resistance seen looking from the emitter to ground is not R; but, exagger- 
ated by the Miller effect, is 


AyR; 


Rau = Ay = I 


(8-83) 


Since Ay is positive’and slightly less than unity, Ray is a (negative) resis- 
tance of large magnitude. Since Ry; is paralleled with the appreciably smaller 
(positive) resistors RH, and Ry|/R2, the effect of Rs will usually be negligible. 


Bootstrapped Darlington Circuit We find in Prob, 8-16 that, even 
neglecting the effect of the resistors Ry, Re, and R; and assuming infinite 
emitter resistance, the maximum input resistance is limited to l/h ~ 2 M. 
Since 1/ho is the resistance between base and collector, the input resistance 
can be greatly increased by bootstrapping the Darlington circuit through the 
addition of C, between the first collector (, and the second emitter Fe, as indi- 
cated in Fig. 8-32a. Note that the collector resistor R., is essential because, 
without it, 2.2 would be shorted to ground. If the input signal changes by 
V,, then #, changes by AyV; and (assuming that the reactance of C, is negligi- 
ble) the collector changes by the same amount. Hence 1/hes is now efieetively 
increased to 1, (h»)(1 — Av) ~ 400 M, for a voltage gain of 0.995. 

An expression for the input resistance R; of the bootstrapped Darlington 
pair can be obtained using the equivalent cireuit of Fig. 8-32. The effective 
resistance R, between E, and ground is R, = Resl|Rex. If Rooke < 0.1, then 
@2 may be represented by the approximate h-parameter model. However, 
the exact hybrid model as indicated in Fig. 8-32b must be used for Q1. Since 
1/hoey > hioz, then hoey may be omitted-from this figure. Solving for Vi/ lo, 
we obtain (Prob. 8-51) 


Ry, = hyehsooke (8-84) 


This equation shows that the input resistance of the bootstrapped Darlington 
emitter follower is essentially equal to the product of the short-circuit current 
gains and the effective emitter resistance. If hye = hyn = 50 and R, = 4K, 
then R; ~ 10 M. If transistors with current gains of the order of magnitude 
of 100 instead of 50 were used, an input resistance of 40 M would be obtained. 

The biasing arrangement of Fig. 8-31 would also be used in the circuit 
of Fig. 8-32. Hence the input resistance, taking into account the bootstrap- 
ping both at the base and at the collector of Q1, would be Rett||hyevhyeok,, where 
Rar is given in Eq. (8-82). 
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Fig. 8-32 (a) The boot- 
strapped Darlington cir- 
cuit. (b) The equivalent (a) 


circuit. 


(5) 


REFERENCES 
1. IRE Standards on Semiconductor Symbols, Proc. IRE, vol. 44, pp. 935-937, July, 
1956. 
2. “Transistor Manual,” 7th ed., pp. 52-55, General Electric Co., Syracuse, N.Y., 1964. 
3. Ref. 2, pp. 477-482, 


4, Millman, J., and H. Taub: ‘Pulse, Digital, and Switching Waveforms,” pp. 528- 
532, McGraw-Hill Book Company, New York, 1965. 


5. Miller, J. M.: Dependence of the Input Impedance of a Three-electrode Vacuum 
Tube upon the Load in the Plate Circuit, Natl. Bur. Std. (U.S.) Res. Papers, vol. 15, 
no. 351, pp. 367-385, 1919. 


280 / INTEGRATED ELECTRONICS Sec. 8-16 


6. Dion, D. F.: Common Emitter Transistor Amplifiers, Proc. JRE. vol. 46, p. 920, 
May, 1958. 


7. Levine, I.: High Input Impedance Transistor Circuits, Electronics, vol. 33, pp. 50-54, 
September, 1960. 


REVIEW QUESTIONS 


8-1 A transistor is excited by a large sinusoidal base current whose magnitude 
exceeds the quiescent value Ig for 0 < wt <m and is less than Ip for r < wl < Qn. 
Is the magnitude of the collector-current variation from the quiescent current greater 

at wl = 1/2 or 37/2? Explain your answer with the aid of a graphical construction. 

8-2 Is nonlinear distortion greater for a sinusoidal-input-base current or for a 
sinusoidal-input-base voltage? Explain with the aid of the input and output transistor 
characteristics. 

8-3 Define in words and also as a partial derivative (a) hies (0) Ayes (C) hres 
(d) hoe. Indicate what variable is held constant and give the dimensions of each h 
parameter. 

8-4 Repeat Rev. 8-3 for (a) hic} (b) yes (c) Pres () Roce 

8-5 Repeat Rev. 8-3 for (a) his; (b) hy; (©) his; (d) how 

8-6 Draw the circuit of a CE transistor configuration and give its h-parameter 
model. 

8-7 Repeat Rev. 8-6 for the CC configuration. 

8-8 Repeat Rev. 8-6 for the CB configuration. 

8-9 Explain how to obtain from the output characteristic (@) hye; (0) Roe 

8-10 Prove that (a) hie = hic; (b) hye = ~(hy + 1); (©) Roc = Roos (d) Pre = 
1 — hye. 

8-11 Give (for Jz = 1 mA) the order of magnitude (including the sign) of 
(@) fis (0) hie; (€) hres (4) Pres (€) hyo; (f)hres (g) hye; (h) 1/Poe; (2) 1/Ros. 

8-12 In terms of the 2 parameters and the load impedance, derive the expressions 
for (a) A, and (b) R;. 

8-13 Derive the expression for Ay in terms of Az. 

8-14 In terms of the h parameters and the source resistance, derive the equation 
for the output admittance. 

8-15 Find (a) Ay, in terms of Ay; (b) Az, in terms of Ay. 

8-16 Which of the configurations (CB, CE, CC) has the (a) highest R,; (b) lowest 
Ry; (€) highest Ro; (d) lowest R.; (e) lowest Ay; (f) lowest Ay. 

8-17 State (2) Thévenin’s theorem; (b) Norton’s theorem; (c) the corollaries to 
these theorems. 

8-18 (a) Draw the circuit of an emitter follower. (6) List its three most 
important characteristics. 

8-19 (a) State Miller’s theorem with the aid of a circuit diagram. (b) Repeat 
for the dual of Miller’s theorem. 

8-20 Draw a CE (first) stage cascaded with a CC (second) stage. In terms of 
Ayi, Ave, An, and Ay derive the expression for (a) the resultant voltage gain Ay; 
(b) the resultant current gain Ay. 

8-21 It is desired to have a high-gain amplifier with high input impedance and 
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low output impedance. If a cascade of four stages is used, what configuration should 
be used for each stage? 

8-22 Using the approximate h-parameter model, obtain the expression for a Cli 
circuit for (a) Az; (b) Ri; (ce) Av; (@) Bo. 

8-23 Repeat Rev. 8-22 for the emitter-follower circuit. 

8-24 Repeat Rev. 8-22 for the CE circuit with an emitter resistor. 

8-25 Repeat Rev. 8-22 for the emitter follower with a collector resistor. 

8-26 Draw the equivalent circuit of a CE circuit with an emitter resistor (or of 
an emitter follower), looking into (a) the base and (b) the emitter. 

8-27. Find a circuit with a grounded emitter which is equivalent to a CE circuit 
having an emitter resistor. The new circuit will have resistors added into the base 
and collector, and these new resistors will depend upon Av. 

8-28 (a) Draw a Darlington emitter follower. (b) Explain why the input 
impedance is higher than that of a single-stage emitter follower. 

8-29 (a) Indicate the circuit of an emitter follower with biasing resistors Ry 
and R;. Show that the input resistance is reduced because of these biasing resistors. 
(b) Add a bootstrapped resistor R; and explain how this increases the input resistance. 


“| / TRANSISTOR BIASING AND 


THERMAL STABILIZATION 


This chapter presents methods for establishing the quiescent oper- 
ating point of a transistor amplifier in the active region of the charac- 
teristics. The operating point shifts with changes in temperature T 
because the transistor parameters (8, Ico, and Vez) are functions of 
f. A criterion is established for comparing the stability of different 
biasing circuits. Compensation techniques are also presented for 
quiescent-point stabilization. 


9-1 THE OPERATING POINT 


From our discussion of transistor characteristics in Sees. 5-6 to 5-8, 
it is clear that the transistor functions most linearly when it is con- 
strained to operate in its active region. To establish an operating 
point in this region it is necessary to provide appropriate direct poten- 
tials and currents, using external sources. Once an operating point Q 
is established, such as the one shown in lig. 8-2a, time-varying excur- 
sions of the input signal (base current, for example) should cause an 
output signal (collector voltage or collector current) of the same wave- 
form. If the output signal is not a faithful reproduction of the input 
signal, for example, if it is clipped on one side, the operating point is 
unsatisfactory and should be relocated on the collector characteristics. 
The question now naturally arises as to how to choose the operating 
point. In Fig. 9-1 we show a common-emitter circuit. Figure 9-2 
gives the output characteristics of the transistor used in Fig. 9-1. 
Note that even if we are free to choose R., Rx, Rs, and Vcc, we may 
not operate the transistor everywhere in the active region because the . 
various transistor ratings limit the range of useful operation. These 
ratings (listed in the manufacturer’s specification sheets) are maximum 
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0 Vec 


Fig. 9-1 The fixed-bias circuit. 


Output 
signal, Uo 


collector dissipation Pe,max, maximum collector voltage Vemax, Maximum col- 
lector current Ic,msx, and maximum emitter-to-base voltage Ver mex. Figure 
9-2 shows three of these bounds on typical collector characteristics. 


Capacitive Coupling Note that in the circuit of Fig. 8-1, neither side of 
the signal generator is grounded, and also that an auxiliary biasing supply Vaz 
is used. Both of these difficulties are avoided by using a capacitor Cy to 
couple the input signal to the transistor, as indicated in Fig. 9-1. In this 
diagram one end of »; is at ground potential, and the collector supply Vec also 
provides the biasing base current Jz. Under quiescent conditions (no input 
signal), Ce (called a blocking capacitor) acts as an open circuit, because the 
reactance of a capacitor is infinite at zero frequency (dc). The capacitances 
Cu: and Cy: are chosen large enough so that, at the lowest frequency of excita- 
tion, their reactances are small enough so that they can be considered to be 
short circuits. These coupling capacitors block de voltages but freely pass 
signal voltages. For example, the quiescent collector voltage does not appear 
at the output, but v, is an amplified replica of the input signal v; The (ac or 
incremental) output signal voltage may be applied to the input of another 
amplifier without affecting its bias, because of the blocking capacitor Cyz. The 
effect of the finite size of a blocking capacitor on the frequency response of an 
amplifier is considered in Sec. 12-8. 


The Static and Dynamic Load Lines We noted above that under dc con- 
ditions Cy: acts as an open circuit. Hence the quiescent collector current 
and voltage are obtained by drawing a static (de) load line corresponding to the 
resistance R, through the point i¢ = 0, vcz = Vcc, as indicated in Fig. 9-2... 
if Ry = © and if the input signal (base current) is large and symmetrical, we 
must locate the operating point Q: at the center of the load line. In this way 
the collector voltage and current may vary approximately symmetrically 
around the quiescent values V¢ and Ig, respectively. If R, # ©, however, 
a dynamic (ac) load line must be drawn. Since we have assumed that, at the 
signal frequency, Cre acts as a short circuit, the effective load Ri, at the col- 
lector is R, in parallel with Rz. The dynamic load line must be drawn. through 
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Io, mA 


Ie 


Fig. 9-2 Common-emitter collector characteristics; ac and dc load lines. 


the operating point Q: and must have a slope corresponding to R, = R,|| Rr. 
This ac load line is indicated in Fig. 9-2, where we observe that the input signal 
may swing @ maximum of approximately 40 wA, around Q; because, if the base 
current decreases by more than 40 pA, the transistor is driven off. 

If a larger input swing is available, then in order to avoid cutoff during a 
part of the cycle, the quiescent point must be located at a higher current. 
For example, by simple trial and error we locate Qe on the dc load line such 
that a line with a slope corresponding to the ac resistance Rj and drawn 
through Q2 gives-as large an output as possible without too much distortion. 
In Fig. 9-2 the choice of Qe allows an input peak current swing of about 60 pA. 


The Fixed-bias Circuit The point Q2 can be established by noting the 
required current Ig: in Fig. 9-2 and choosing the resistance Ry in Fig. 9-1 so 
that the base current is equal to In2. Therefore 


= Vee —, Vag 


In Rs 


= Ine (9-1) 


The voltage Vag across the forward-biased emitter junction is (Table 5-1, 
page 142) approximately 0.2 V for a germanium transistor and 0.7 V for a 
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silicon transistor in the active region. Since Vcc is usually much larger than 
Vez, we have 


_ Vee 


(9-2) 

The current Jz is constant, and the network of Fig. 9-1 is called the 
fixed-bias circuit. In summary, we see that the selection of an operating point 
Q depends upon a number of factors. Among these factors are the ac and 
dc loads of the stage, the available power supply, the maximum transistor 
ratings, the peak signal excursions to be handled by the stage, and the toler- 
able distortion. 


9-2 BIAS STABILITY 


In the preceding section we examined the problem of selecting an operating 
point Q on the load line of the transistor. We now consider some of the 
problems of maintaining the operating point stable. 

Let us refer to the biasing circuit of Fig. 9-1. In this circuit the base 
current Jz is kept constant since Ig ~ Voc/R,. Let us assume that the tran- 
sistor of Fig. 9-1 is replaced by another of the same type. In spite of the 
tremendous strides that have been made in the technology of the manufacture 
of semiconductor devices, transistors of a particular type still come out of pro- 
duction with a wide spread in the values of some parameters. For example, 
Fig. 5-15 shows a range of hrzg ~ 6 of about 3 to 1. To provide information 
about this variability, a transistor data sheet, in tabulating parameter values, 
often provides columns headed minimum, typical, and maximum. 

In Sec. 5-6 we see that the spacing of the output characteristics will 
increase or decrease (for equal changes in Jz) as 6 increases or decreases. In 
Fig. 9-3 we have assumed that @ is greater for the replacement transistor of 
Fig. 9-1, and since Zp is maintained constant at Iz, by the external biasing 
circuit, it follows that the operating point will move to Qe. This new oper- 
ating point may be completely unsatisfactory. Specifically, it is possible for 
the transistor to find itself in the saturation region. We now conclude that 
maintaining J, constant will not provide operating-point stability as 6 changes. 
On the contrary, Jz should be allowed to change so as to maintain J¢ and Veg 
constant as 6 changes. 


Thermal Instability A second very important cause for bias instability 
is a variation in temperature. In Sec. 5-7 we note that the reverse saturation 
current I¢ot changes greatly with temperature. Specifically, Ico doubles for 
every 10°C rise in temperature. This fact may cause considerable practical 
difficulty in using a transistor as a circuit element. For example, the collector 


{ Throughout this chapter I¢go is abbreviated Ico (Sec. 5-7). 
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Fig. 9-3 Graphs showing 
the collector character- 
istics for two transistors 
of the same type. The 
dashed characteristics are 
for a transistor whose @ is 
much larger than that of 
the transistor represented 
by the solid curves. 


current I¢ causes the collector-junction temperature to rise, which in turn 
inereases Ico. As a result of this growth of Ico, Ig will increase [Eq. (5-16)], 
which may further inerease the junction temperature, and consequently Jo. 
It is possible for this succession of events to become cumulative, so that the 
ratings of the transistor are exceeded and the device burns out. 

Even if the drastic state of affairs described above does not take place, it is 
possible for a transistor which was biased in the active region to find itself in 
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Fig. 9-4 Diffused silicon planar 2N708 n-p-n transistor output CE characteristics 
for (a) 25°C and (b) 100°C. (Courtesy of Fairchild Semiconductor.) 
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the saturation region as a result of this operating-point instability (Sec. 9-9). 
To see how this may happen, we note that if Jz = 0, then, from Eq. (5-16), 
Ic = Ico(1 + 6). As the temperature increases, Igo increases, and even if 
we assume that 8 remains constant (actually, it also increases), it is clear that 
the Ig = 0 line in the CE output characteristics will move upward. The 
characteristics for other values of Zp will also move upward by the same 
amount (provided that 6 remains constant), and consequently the operating 
point will move if Js is forced to remain constant. In Fig. 9-4 we show the 
output characteristics of the 2N708 transistor at temperatures of -+-25 and 
+100°C. This transistor, used in the circuit of Fig. 9-1 with Veco = 10 V, 
R. = 250 2, Ry = 24 K, operates at Q with Ip = (10 — 0.7)/24 = 0.4 mA. 
Hence it would find itself almost in saturation at a temperature of +100°C, 
even though it would be biased in the middle of its active region at -}25°C. 


9-3 SELF-BIAS, OR EMITTER BIAS 


A circuit which is used to establish a stable operating point is the self-biasing 
configuration of Fig. 9-5a. The current in the resistance R, in the emitter 
lead causes a voltage drop which is in the direction to reverse-bias the emitter 
junction. Since this junction must be forward-biased, the base voltage is 
obtained from the supply through the 212, network. 

The physical reason for an improvement in stability with this circuit is 
the following: If I¢ tends to increase, say, because Ico has risen as a result of 
an elevated temperature, the current in R, increases. As a consequence of the 
increase in voltage drop across R., the base current is decreased. Hence Ic 
will increase less than it would have, had there been no self-biasing resistor Re. 


(5) 


Fig. 9-5 (a) A self-biasing circuit. (b) Simplification of the base 
circuit in (a) by the use of Thévenin’s theorem. 
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Analysis of the Self-bias Circuit If the circuit component values in 
Fig. 9-5a are specified, the quiescent point is found as follows: Kirchhoff’s 
voltage law around the collector circuit yields 


—Vee+ Ic(R. + BR.) + IsRe + Vex = 0 (9-3) 


If the drop in &, due to Iz is neglected compared with that due to Je, then — 
this relationship between I¢ and Vce is a straight line whose slope corresponds 
to R, + &, and whose intercept at Ic = 0 is Veg = Vee. This load line is 
drawn on the collector characteristics. 

If the circuit to the left between the base B and ground N terminals in Fig. 
9-5a is replaced by its Thévenin equivalent, the two-mesh circuit of Fig. 9-56 
is obtained, where 


= _ Rf, 
~~ Ret Ri fin Ro + Ry (9-4) 


Obviously, R, is the effective resistance seen looking back from the base 
terminal. Kirchhoff’s voltage law around the base circuit yields 


V = I[sRs + Voz + Ie + Ic)R. (9-5) 


If I¢ from Eq. (9-5) is substituted into Eq. (9-3), a relationship between Iz 
and Veg results. Tor each value of Jz given on the collector curves, Vez is 
calculated. The locus of these corresponding points Vcg and Iz plotted on the 
CE output characteristics is called the bias curve. The intersection of the 
load line and the bias curve gives the quiescent point. 

In many cases transistor characteristics are not available but 8 is known. 
Then the calculation of the Q point may be carried out analytically as follows: 
In the active region the collector current is given by Eq. (5-16), namely, 


Ic = BIn + (1 + 8)Ico (9-6) 


Equations (9-5) and (9-6) can nov be solved for Ip and Ig (since Vgz is known 
in the active region). Note that with this method the currents (in the active 
region) are determined by the base circuit and the values of 6 and Ico. 


EXAMPLE A silicon transistor whose common-emitter output characteristics 
are shown in Fig. 9-60 is used in the circuit of Fig. 9-5a, with Veo = 22.5 V,R, = 
5.6 K, R, = 1 K, Re = 10 K, and R, = 90 K. For this transistor, 8 = 55. 
Find the @ point (a) graphically and (6) from the known value of 8. 


Solution a. From Eqs. (9-4) we have 
10 X 90 


UE = eae Sia = 9.0K 
100 100 


Vv 


The equivalent circuit is shown in Fig. 9-6a. The load line corresponding to a 
total resistance of 6.6 K and a supply of 22.5 V is drawn on the collector charac- 


Sec. 


Fig. 
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9-6 (a) An illustrative example. (b) The intersection of the load line and 
bias curve determines the Q point. 


teristics of Fig. 9-6. Kirchhoff’s voltage law applied to the collector and base 
circuits, respectively, yields (with Vex = 0.65) 


22.5 + 6.6le + In + Voz =0 (9-7) 
0.65 — 2.25 + Ie + 10.013 = 0 (9-8) 
Eliminating I¢ from these two equations, we find the bias curve equation 
Ver = 65.0[2 + 11.9 


Values of Vcz corresponding to Iz = 20, 40, and 60 wA are obtained from this 
equation and are plotted in Fig. 9-6b. We see that the intersection of the bias 
curve and the load line occurs at Vez = 13.3 V, Ic = 1.4 mA, and from the bias- 
curve equation, 7p = 26 pA. 4 


b. In many cases transistor characteristics are not available but 8 is known. 
Then the calculation of the Q point may be carried out as follows: For base 
currents large compared with the reverse saturation current (Iz >> Ico), it follows 
from Eq. (9-6) that 

Ic = Ble : (9-9) 


This equation can now be used in place of the collector characteristics. Since 
8 = 55 for the transistor used in this example, substituting Zz = I¢,’55 in Eq. 
(9-8) for the base circuit yields 


—1.60 + Io + tle =0 
or 


Ie = 1.86 mA and Iz=—= —— mA = 24.8 pA 


These values are very close to those found from the characteristics. 
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The collector-to-emitter voltage can be found from Eq. (9-7) and the known 
values of Ip and Ig: 


— 22.5 + 6.6 X 1.36 + 0.025 + Ver = 0 
or 
Ver = 13.5V 
—————————_—_ 


9-4 STABILIZATION AGAINST VARIATIONS IN Jco, Vaz, AND 6 


The sources of instability of I¢ are essentially three.! These are the reverse 
saturation current I¢o, which doubles for every 10°C increase in temperature; 
the base-to-emitter voltage Ver, which decreases at the rate of 2.5 mV/°C for 
both Ge and Si transistors; and 8, which increases with temperature (Tables 9-1 
and 9-2). 

We shall neglect the effect of the change of Vcz with temperature, because 
this variation is very small and we assume that the transistor operates in the 
active region, where Ic is approximately independent of Vcz. 


The Transfer Characteristic The output current Z¢ is plotted in Fig: 
9-7 as a function of input voltage for the germanium transistor, type 2N1631. 
This transfer characteristic for a silicon transistor is given in Fig. 5-17. Each 
curve shifts to the left at the rate of 2.5 mV/°C (at constant J¢) for increasing 
temperature. We now examine in detail the effect of the shift in transfer 
characteristics and the variation of 8 and I¢g with temperature. If Eq. (9-5), 
obtained by applying KVL around the base circuit of the self-bias circuit of 
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a the 2N1631 germanium p-n-p alloy- 
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Fig. 9-5d, is combined with Eq. (9-6), which represents the collector character- 
istics in the active region, the result is 


Via PRE + LS on 2.0 nae (9-10) 


Equation (9-10) represents a load line in the Ig-Vag plane, and is indi- 
cated in Fig. 9-8. The intercept on the Vaz axis is V + V’, where 


Vv’ = (Ri, + R2) . f : Ico = (Rs + R.)Ico (9-11) 


since B> l. Ifat T= T1(T), Ico = Icoi(Ico:) and B = B1(B2), then Vi = 
(Rp + B.)Icoi and V, = (Ry + R.)Icos. Hence the intercept of the load line 
on the Vez axis is a function of temperature because Ico increases with 7’. 
The slope of the load line is 


_ —B 
 R+ RG +8) 


o 


aud hence |o| increases with T because § increases with 7. The transfer char- 
acteristic for T = T, > T1 shifts to the left of the corresponding curve for 
T = T; because Vaz (at constant Ic) varies with 7, as indicated above. The 
intersection of the load line with the transfer characteristic gives the collector 
current Ic. We see that Ic: > Te: because Igo, 8, and Vaz all vary with 
temperature. 

Since, from Eq. (9-10), I¢ is a function of Ico, Vaz, and 8, it is convenient 
to introduce the three partial derivatives of I¢ with respect to these variables. 
These derivatives are called the stability factors S, 8’, and S’ and are defined 
as follows. 
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The Stabilization Factor S We define S as the rate of change of collector 
current with respect to the reverse saturation current, keeping 6 and Vaz 
constant, or 


Paley hie 4) 
The larger the value of S, the more likely the circuit is to exhibit thermal 


instability. Using the above definition and. Eq. (9-10), we find 
1+ R/R, 
T+e+ R/R. ver) 


Note that S varies between 1 for small A,/R. and1-+ 6 for R,/R.—> ©. If 
B+1> R,/R., Eq. (9-18) reduces to 


S = (1+ 8) 


a 
seiee (9-14) 


Thus, for constant 8, Vez, and small S, we have 


Alc _— gAlco _ Alco . Ry Alco 
| cae ae ass a ea) 


For the typical design, 2,/R. > 1, making the second term in Eq. (9-15) larger 
than the first. The denominator of the second term is the de voltage drop 
across FR, (since |I¢| ~ |Zz|) and is under the circuit designer’s control. 


The Stability Factor S’ The variation of I¢ with Vag is given by the 
stability factor S’, defined by 


alc oe Ale 


= aVar ~ AVes (9-16) 
where both Igo and 8 are considered constant. From Eq. (9-10) we find 
v —8 “s —B/Re 
S- BRO +6) 1+8+ R/R ee) 


If we again assume that 6 + 1> &s/R., and also that 6 > 1, then Eq. 
(9-17) reduces to 


“AVos Be rie) 
or 

Ale Ae S’AV ag oy AVezr 

Toc Ie Icke i) 


From the above equation and Eq. (9-15) we see that the dominant factor in 
stabilizing against Ico and Vzz is the quiescent voltage drop across the emitter 
resistance R,. The larger this drop, the smaller is the percentage change in 
collector current due to AIco and AV zz. 


+ In this sense, S should more properly be called an instability factor. 
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The Stability Factor 8” The variation of I¢ with respect to @ is given by 
the stability factor 8”, detined by 


a Ole. Ale 
S’ = 38 ~ BB (9-20) 
where both I¢g and Vgx are considered constant. From Eq. (9-10) 
es BV + V' — Vaz) (9-21) 


~ Rs + Rl + 8) 


where, from Eq. (9-11), V’ may be taken to be independent of 8. We obtain, 
after differentiation and some algebraic manipulation, 


ole IS 
0 a et gw 9-22 
og BQ + 6) ( ) 
The change in collector current due to a change in f is 
Alg = 8” AB = ToS AB (9-23) 


BCL + 8B) 
where AG = 6, — 6; may represent a large change in 8. Hence it is not clear 
whether to use 41, 82, or perhaps some average value of @ in the expressions for 
8”. (This problem does not arise for S or 8’ because these factors are almost 


independent of f.) This difficulty is avoided if 8” is obtained by taking finite 
differences rather than by evaluating a derivative. Thus 


~ texte: Ale 


Bg ge ag wae 
From Eq. (9-21) we have 
Ter _ 62 Ro + R(1 + B1) (9-25) 


Ter 61 Ro + RCL + B2) 
Subtracting unity from both sides of Eq. (9-25) yields 


Ica, _ [Be Ry + R. 
Tea , ( 1 1) Fis + RC + Be) (2-26) 


or 
_ Ale 7 TevS2 
AB Bi(1 + Be) 
where Sz is the value of the stabilizing factor S when 8 = f as given by Eq. 
(9-13). Note that this equation reduces to Iq. (9-22) as AB = B — Bi 0. 


If we assume that S_ is small so that the approximate value given in 
Eq. (9-14) is valid, then from Eq. (9-27) with 6 > 1 we find 


Ale | Ro\ AB _ _ Rv\ B2,/B1 ~ 1 x 
Ie. (: a z) BiB2 (1 z) Bo a 


sv 


(9-27) 
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It is clear that R,/R. should be kept small. Also, for a given spread in the 
value of 6 (say, 82/8: = 3), a high-6 circuit will be more stable than one using 
a lower-8 transistor. 

Equation (9-27) is of prime importance because it allows us to determine 
the maximum value of S» for a given spread in 8 and a given Igy. This varia- 
tion in 8 may be due to any cause such as a temperature change, a transistor 
replacement, etc. 


EXAMPLE ‘Transistor type 2N335, used in the circuit of Fig. 9-5a, may have 
any value of 8 between 36 and 90 at a temperature of 25°C, and the leakage cur- 
rent Ico has negligible effect on Ze at room temperature. Find R,, Ry, and Rz 
subject to the following specifications: Rc. = 4 K, Vee = 20 V; the nominal 
bias point is to be at Veg = 10 V, Ice = 2 mA; and J¢ should be in the range 1.75 
to 2.25 mA as 8 varies from 36 to 90. 


Solution From the collector circuit (with I¢ >> In) 


Voc — Vez 20 — 10 


R.+ Rk, = 
# Te 2 


5K 


Hence R, = 5—-4=1K. 
From Eq. (9-27) we can solve for S,. Hence, with Alg = 2.25 — 1.75 = 
0.5 mA, Ic, = 1.75 mA, B, = 36, 8B, = 90, and AB = 54, we obtain 


0.5 175 _ 8 
54 36 1+ 90 
or 
S.= 17.8 
Substituting S. = 17.3, R, = 1 K, and 82 = 90 in Eq. (9-18) yields 
(17.3)(91 + Re) = 9101 + Rs) 
or 


Ry = 20.1 K 


From Eq. (9-10), with Ic = 1.75 mA, B = 36, Ry, = 20.1 K, R,=1 K, 
Vaz = 0.65 V, and Ico = 0, we obtain 


pega e PEE Oe pe oes Gut = (1.75) = 3.43 V 


B 
From Eqs. (9-4), solving for R, and Ra, we find 


R= Ree = co.)( a ) = 117K 


3.43 


RV _ (117)(3.43) 


= = 24.2K 
Vee —V 20 — 3.43 


R, 
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9-5 GENERAL REMARKS ON COLLECTOR-CURRENT STABILITY? 


Stability factors were defined in the preceding section, which considered the 
change in collector current with respect to Ico, Vez, and 8. These stability 
factors are repeated here for convenience: 


Ale ,» _ Ale n _ Ale 
Rie =” — RVs AB iis 
Hach differential quotient (partial derivative) is calculated with all other 
parameters maintained constant. 

If we desire to obtain the total change in collector current over a specified 
temperature range, we can do so by expressing this change as the sum of the 
individual changes due to the three stability factors. Specifically, by taking 
the total differential of Ze = f(Ico, Vaz, 8), we obtain 


Ole 
alco 
= SAIco + S’ AVzz + S” AB (9-30) 


hx Ole ole 
Alg = Alco + ay7,, Vax + 5g 48 


The stability factors may be expressed in terms of the parameter Mf 
defined by 
1 Ae 1 
1+ R/[R-(1 + 8)] 1+ Re/BR, 


where we assume 8 >> 1. Note that if 8R,>> R,, then M ~ 1. Substituting 
igs. (9-13), (9-17), and (9-28) into Eq. (9-30), we find for the fractional change 
in collector current 


Ale _ Re\ Mi Alco — Mi AVox _ Ae\ Ms Ag . 
= (a i z) = i ae ( *) i = 


where M,(M:2) corresponds to £1(@2). Note that as T increases, Alco/Ic. and 
A@ increase, whereas AV gz/I¢, decreases. Hence all terms in Eq. (9-382) are 
positive for increasing T and negative for decreasing T. 

We now examine in detail the order of magnitude of the terms of Eq. 
(9-32) for both silicon and germanium transistors over their entire range of 
temperature operation as specified by transistor manufacturers. This range 
usually is —65 to +75°C for germanium transistors and —65 to +175°C for 
silicon transistors. 


M= (9-31) 


TABLE 9-1 Typical silicon transistor parameters 


Docs cece.) 65 +25 +175 
Teo, DA... 1... 1.95 K 1074 1.0 33 ,000 
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TABLE 9-2 Typical germanium transistor parameters 


PG es Key: —65 4-25 475 
Too, pA... eo... 1.95 XK 1078 1.0 32 
Bu see ee owe 20 55 90 
Vax, 


Vinscnd bie 0.38 0.20 0.10 


Tables 9-1 and 9-2 show typical parameters of silicon and germanium 


transistors, each having the same @ (55) at room temperature. For Si, Zo is 
much smaller than for Ge. Note that Ico doubles approximately every 10°C 


and 


|Vae 


decreases by approximately 2.5 mV,’°C. 


EXAMPLE For the self-bias circuit of Fig. 9-5e, R, = 4.7 K, Ry = 7.75 K, 
and R,/R. = 1.65. The collector supply voltage and FR, are adjusted to establish 
a collector current of 1.5 mA at 25°C. (a) Determine the variation of J¢ in the 
temperature range of —65 to +175°C when the silicon transistor of Table 9-1 
is used. (b) Repeat (a) for the range —65 to +75°C when the germanium tran- 


‘sistor of Table 9-2 is used. 


Solution a. Since R,/R, is known, we can find the pereentage change in I¢ using 
Eq. (9-32). At room temperature 
1 1 

1+R/BiR. 1+ 1.68/55 


0.97 = 1 


A, 


Since at 175°C, @2 = 100, then Af, is even closer to unity than JZ; Hencé at 
T = +175°C, we shall assume J7, = Jf, = 1. From Eq. (9-32) we have 


Alg(+175°C) _ (1 + 1.65) x 33,000 x 107° 0.6 — 0.225 


Tey 1.5 X 107% 1.5 X 4.7 


100 — 55 
1 + 1.65 aor 
pete uns 55 X 100 


= §.82 + 5.382 + 217% 
or the change in collector current is 
Alc(+175°C) = 0.087 + 0.080 4- 0.032 = 0.199 mA 


At —65°C, Af, = 1/(1 + 1.65/25) = 0.94, and we shall take this small 
correction factor into account. From Eq. (9-82) we find 


AIc(—65°C) _ _ 2.65 X 107 0.78 — 0.60 2.65 X (55 — 25) X 0.94 
Tey 1.5 X 1073 1.5 X 4.7 25 X 55 


= 0 — 2.55 — 5.34% 
or 
Alc(—65°C) = 0 — 0.038 — 0.080 = —0.118 mA 


Therefore, for the silicon transistor, the collector current will be approximately 
1.70 mA at +175°C and 1.38 mA at —65°C. 
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b. Similarly for the germanium transistor at +75°C, we find with Af, ~ M, 


Alo(-+78°C) 31X 10-5 0.10 35 
pee crag eas ee te FT 
es Pa Ras” Ue sed OOP rea 


= 5.48 + 142 + 1.87% 
or the change in collector current is 
Ale(+75°C) = 0.082 + 0.021 + 0.028 = 0.131 mA 
At —65°C we find, with 17, = 1 and If) = 11 + 1.65/20) = 0.93, 


Ale(—65°C) 10-6 0.18 35 
Se Ss xX = — 2.65 X ——— x 0.93 
Lex 15x 10-5 15x 4.7 e 20 X 55 


tl 


—0.18 — 2.56 — 7.85% 
or 


Alc¢(—65°C) = —0.003 — 0.038 — 0.118 = —0.159 mA 


Therefore, for the germanium transistor, the collector current will be approxi 
mately 1.63 mA at +75°C and 1.34 mA at —65°C. 


—- eee 


Practical Considerations The foregoing example illustrates the supe- 
riority of silicon over germanium transistors because, approximately, the same 
change in collector current is obtained for a much higher temperature change 
in the silicon transistor. In the above example, with S ~ 1+ R,/R, = 2.65 
and R, = 4.7 K, the current change at the extremes of temperature is only 
about 10 percent. Hence this circuit could be used at temperatures in excess 
of 75°C for germanium and 175°C for silicon. If § is larger and R, smaller, 
the current instability is greater. [or example, in Prob. 9-23, we find for 
Re. = 1K andS = 7.70 that the 25°C collector current varies about 30 percent 
at —65°C and +75°C (Ge) or at —65°C and +1785°C (Si). These numerical 
values illustrate why a germanium transistor is seldom used above 75°C, and a 
silicon device above 175°C. The importance of keeping S and S’ small and 
8 large is clear. 

The change in collector current that can be tolerated in any specific 
application depends on design requirements, such as peak signal voltage 
required across R,. We should also point out that the tolerance in bias 
resistors and supply voltages must be taken into account, in addition to the 
variation of 8, Zeo, and Vaz. 3 

Our discussion of stability and the results obtained are independent of 
R., and hence they remain valid for R, = 0. If the output is taken across 
R., such a circuit is called an emitter follower (Sec. 8-8). If we have a direct- 
coupled emitter follower driven from an ideal voltage source, then Rs = 0 and 
this circuit can be used to a higher temperature than a similar circuit with 
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R: ~ 0. For the emitter follower, Eq. (9-32) reduces to 


Alg¢ Alco AVazE Ag 
To. = Tea Toile + BrBe ee) 
In the above example the increase in collector current from 25 to 75°C 
for a germanium transistor is 0.08 mA due to Igo, 0.02 mA due to Vaz, and 
0.03 mA due tof. Hence, for Ge, the effect of Ic¢g has the dominant influence 
on the collector current. On the other hand, the increase in J¢ for a silicon 
transistor over the range from 25 to 175°C due to Ico is approximately the same 
as that due to Vaz, but is much smaller due to 8. However, if the temperature 
range is restricted somewhat, say, from 25 to 145°C, then AJ¢ = 0.01 mA due 
to Ico and AIg = 0.06 mA due to Veg. These numbers are computed as 
follows: If Tmax is reduced from 175 to 145°C, or by 30°, then Ico is divided 
by 247/10 = 23 = 8, Hence SAIco = 0.087/8 ~ 0.01 mA. Also, AVagz is 
increased by (80)(2.5) = 75 mV, or AVgz goes from —0.375 to —0.30 V and 
S’ AVaz ~ —AVaun/R. = —0.30/4.7 = 0,08 mA. Hence, for Si, the effect of 
Vez is more important than that of Zco on the collector current. However, 
for a transistor with a small 8, a large spread in 8 may have the dominant 
influence on I¢. 


EXAMPLE Design the self-bias circuit of Fig. 9-5a using a Si transistor type 
2N3565 to meet the following specifications over the temperature range 25 to 65°C: 
Ale 


— < 15 percent 
Ig 


Var at 25°C = 650 + 50 mV Veo = 20 V 

B spread 150 to 600 at Ic = 1 mA and T = 25°C 
Lowest 6 at 25°C = 150 highest 6 at 65°C = 1,200 
Ico at 25°C = 50 nA max Ico at 65°C = 3.0 pA max 


Solution We shall assume for our design that each factor Igo, 8, and Vax causes 
the same percentage change (5 percent) in Ic. We now proceed in the following 
steps: 


1. Select R,/R, using the AG term of Eq. (9-32) and assuming M = 1. 


R,\ AB Rs 1,200 — 150 
1 ={1 x = 0.05 
( = ®) BBs ( = #) 1,200 x 150 


or 


R, 
— = 7.56 
R 


Since the smallest @ is 150, then 
1 1 = 
1+ 8,/BR. 1-4 7.56/150 


which justifies our assumption M = 1. 


1>M> 0.95 
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2. Select Ici, considering the Alco term in Eq. (9-32). 


—6 
(1+2) Aldo 5 gg X10 ~ 5 oe 
RJ Tey C1 


or Je, = 0.515 mA. Use I¢ = 0.6 mA. 

3. Select Icif., considering the AVsz term only in Eq. (9-32). Since Vez 
changes —2.5 mV/°C, then AVaz = —2.5 X 40 = —100 mV due to the tem- 
perature range. Since there is an uncertainty in Veg at 25°C of +50 mV, the 
total increment is AVgxy = —100 — 100 = —200 mV = —0.2 V. Hence 


= 0.05 or Tok, =4V 


4. Since Ic, = 0.6 mA, then R, = 4,'/0.6 = 6.65 K. Also Ry = (R,/RDR. = 
7.56 X 6.65 = 50 K. 

5. To determine the value of the biasing resistors Ri and Me, we must first 
find V. From Fig. 9-5b or Eq. (9-5), at 25°C and using an average value of 
8 = 3(150 + 600) = 375, 


0.6 X 50 


V = 15R,+ Vez + Ie + [c)R. = 375 + 0.65 + 4 = 4.73 V 
Solving Eqs. (9-4) for Ry and Re, we obtain 
Vee 20 
R, = R,-— = 50 211K 
sais X43 
y= NX ATB _ og 


Veo —-V 20 — 4.73 


The value of R, is selected on the basis of the required small-signal gain and sym- 
metric operation of the circuit. 


9-6 BIAS COMPENSATION? 


From our discussion so far we see that in biasing a transistor in the active 
region we should strive to maintain the operating point stable by keeping I¢ 
and Ver constant. The techniques normally used to do so may be classified 
in two categories: stabilization techniques and compensation techniques. Sta- 
bilization techniques refer to the use of resistive biasing circuits (such as 
Fig. 9-5) which allow [fg to vary so as to keep J¢ relatively constant, with 
variations in Ico, 8, and Vaz. Compensation techniques refer to the use of 
temperature-sensitive devices such as diodes, transistors, thermistors, ete. 
Two circuits using diode compensation will now be discussed. 


Diode Compensation for Vgz A circuit utilizing the self-bias stabiliza- 
tion technique and diode compensation is shown in Fig. 9-9. The diode 
is kept biased in the forward direction by the source Vpp and resistance Ra. 
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If the diode is of the same material and type as the transistor, the voltage 
V. across the diode will have the same temperature coefficient (—2.5 mV/°C) 
as the base-to-emitter voltage Vaz. Jf we write KVL around the base circuit 
of Fig. 9-9, then Eq. (9-21) becomes 


T ==) BV a (Ver — vp) + (Ry + RB + 1) Ico 
— Ra + Re(I + 8) 


(9-34) 


Since Vax tracks V, with respect to temperature, it is clear from Eq. (9-34) 
that Z¢ will be insensitive to variations in Vez. In practice, the compensation 
of Vgz as explained above is not exact, but it is sufficiently effective to take 
care of a great part of transistor drift due to variations in Vaz. 


Diode Compensation for Ico We demonstrate in Sec. 9-5 that changes 
of Vsz with temperature contribute significantly to changes in collector 
current of silicon transistors. On the other hand, for germanium transistors, 
changes in Igo with temperature play the more important role in collector- 
current stability. The diode compensation circuit shown in Fig. 9-10 offers 
stabilization against variations in Ico, and is therefore useful for stabilizing 
germanium transistors, 

If the diode and the transistor are of the same type and material, the 
reverse saturation current J, of the diode will increase with temperature at 
the same rate as the transistor collector saturation current Ico. From Fig. 
9-10 we have 


_ Veo — Voz oy Vee 


: R Ry 


= constant 


Since the diode is reverse-biased by an amount Vaz ~ 0.2 V for germanium 
devices, it follows that the current through D is J,. The base current is 
Ip = I—T1,. Substituting this expression for Jz in Eq. (9-6), we obtain 


Ic = BI — BI, + (1 + 8)Ico (9-35) 


Fig. 9-9 Stabilization by means of self- 
bias and diode-compensation techniques. 
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Fig. 9-10 Diode compensation for a germanium 
transistor. 


We see from Hq. (9-35) that if 6 >> 1 and if J, of D and Ico of @ track each 
other over the desired temperature range, then Jc remains essentially constant. 


9-7 BIASING TECHNIQUES FOR LINEAR INTEGRATED CIRCUITS? 


The self-bias circuit of Fig. 9-5a often requires a capacitor across R, since 
otherwise the negative feedback, due to R., reduces the signal gain drastically 
(Sec. 8-15). This bypass capacitance is much too large (of the order of micro- 
farads, Sec. 12-8) to be fabricated by integrated-circuit technology. Hence 
the biasing technique shown in Fig. 9-11 has been developed for monolithic 
circuits. In Fig. 9-lla the transistor Q1 is connected as a diode across the 
base-to-emitter junction of Q2 whose collector current is to be temperature- 
stabilized. The collector current of Q1 is given by 


Veco — Vaz 


la = Ri 


— Ini — Ize (9-86) 
For Vaz & Vee and (Tai + Tes) K Ici, Eq. (9-86) becomes 


Io, = Vee = constant (9-87) 
fy 


If transistors Q1 and Q2 are identical and have the same Voz, their collector 
currents will be equal. Hence Zc, = Ici: = constant. Even if the two tran- 
sistors are not identical, experiments’ have shown that this biasing scheme 
gives collector-current matching between the biasing and operating transistors 
typically better than 5 percent and is stable over a wide temperature range. 

The circuit of Fig. 9-lla is modified as indicated in Fig. 9-11b so that 
the transistors are driven by equal base currents rather than the same base 
voltage. Since the collector current in the active region varies linearly with 
Is, but exponentially with Vez, improved matching of collector currents 
results. The resistors R, and R; are fabricated in an identical manner, so 
that R; = Re. Since the two bases are driven from a common voltage node 
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Fig. 9-11 Biasing techniques for linear integrated circuits. 


through equal resistances, then Ip; = Igg = Ip, and the collector currents are 
well matched for identically constructed transistors. 
From Fig. 9-11, the collector current of Q1 is given by 


_ Veo — Var R, 
Tes Ri @+#) m (9-38) 


Under the assumptions that Veg K Vee, and (2 + Re/Ri)In K Vee/R:, Eq. 
(9-38) becomes 


V 
Tor = le = 


If R, = $R,, then Voz = Voc — Tonk, ~ Vee/2, which means that the 
amplifier will be biased at one-half the supply voltage Vcc, independent of 
the supply voltage as well as temperature, and dependent only on the matching 
of components within the integrated circuit. An evaluation of the effects 
of mismatch in this circuit on bias stability is given in Ref. 3. 


9-8 THERMISTOR AND SENSISTOR COMPENSATION? 


There is a method of transistor compensation which involves the use. of tem- 
perature-sensitive resistive elements rather than diodes or transistors. The 
thermistor (Sec. 5-2) has a negative temperature coefficient, its resistance 
decreasing exponentially with increasing 7. The circuit of Fig. 9-12 uses 
a thermistor Rr to minimize the increase in collector current due to changes 
in Ico, Vex, or Bwith T. As T rises, Rr decreases, and the current fed through 
Rr into R, increases. Since the voltage drop across R, is in the direction to 
reverse-bias the transistor, the temperature sensitivity of Rr acts so as to 
tend to compensate the increase in Ig due to T. 
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Fig. 9-12 Thermistor compensation of the 
increase in I¢ with 7. es 


An alternative configuration using thermistor compensation is to move 
Rr from its position in Fig. 9-12 and place it across KR, As T increases, 
the. drop across Ry decreases, and hence the forward-biasing base voltage is 
reduced. This behavior will tend to offset the increase in collector current 
with temperature. 

Instead of a thermistor, it is possible to use a temperature-sensitive 
resistor with a positive temperature coefficient such as a metal, or the sensistor 
(Sec. 2-7). In the circuit of Fig. 9-12 (with Rr removed), temperature compen- 
sation may be obtained by placing a sensistor either in parallel with R, or in 
parallel with (or in place of) R.. Why? 

In practice it is often necessary to use silicon resistors and carbon resistors 
in series or parallel combinations to form the proper shaping network.4 The 
characteristics required to eliminate the temperature effects can be determined 
experimentally as follows: A variable resistance is substituted for the shaping 
network and is adjusted to maintain constant collector current as the operating 
temperature changes. The resistance vs. temperature can then be plotted 
to indicate the required characteristics of the shaping network. The problem 
now is reduced to that of synthesizing a network with this measured tempera- 
ture characteristic by using thermistors or sensistors padded with temperature- 
insensitive resistors. 


9-9 THERMAL RUNAWAY 


The maximum average power Pp max which a transistor can dissipate depends 
upon the transistor construction and may lie in the range from a few milli- 
watts to 200 W. This maximum power is limited by the temperature that 
the collector-to-base junction can withstand. For silicon transistors this 
temperature is in the range 150 to 225°C, and for germanium it is between 60 
and 100°C. The junction temperature may rise either because the ambient 
temperature rises or because of self-heating. The maximum power dissipation 
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is usually specified for the transistor enclosure (case) or ambient temperature 
of 25°C. The problem of self-heating, which is mentioned in Sec. 9-2, results 
from the power dissipated at the collector junction. As a consequence of 
the junction power dissipation, the junction temperature rises, and this in 
turn increases the collector current, with a subsequent increase in power 
dissipation. If this phenomenon, referred to as thermal runaway, continues, 
it may result in permanently damaging the transistor. 


Thermal Resistance It is found experimentally that the steady-stale 
temperature rise at the collector junction is proportional to the power dissi- 
pated at the junction, or 


T; — Ta = OPp (9-39) 


where T'; and T'4 are the junction and ambient temperatures, respectively, in 
degrees centigrade, and Pp is the power in watts dissipated at the collector 
junction. The constant of proportionality © is called the thermal resistance. 
Its value depends on the size of the transistor, on convection or radiation to 
the surroundings, on forced-air cooling (if used), and on the thermal connection 
of the device to a metal chassis or to a heat sink. Typical values for various 
transistor designs vary from 0.2°C/W for a high-power transistor with an 
efficient heat sink to 1000°C/W for a low-power transistor in free air. The 
temperature rate at which power is dissipated under steady-state conditions is 
obtained by differentiating Eq. (9-39) with respect to 7'j, or 


OP p 1 


The maximum collector power Pc allowed for safe operation is specified 
at 25°C. For ambient temperatures above this value, Pc must be decreased, 
and at the extreme temperature at which the transistor may operate, Pc is 
reduced to zero. A typical power-temperature derating curve, supplied in a 
manufacturer’s specification sheet, is indicated in Fig. 9-138. The thermal 
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, 


Fig. 9-14. Concerning transistor 
self-heating. The dashed load 
line corresponds to a very small 
dc resistance. 


0 Vee Vee Ver 
2 
resistance of this transistor is given by the reciprocal of the slope of the derating 
line in Fig. 9-13, or O = 745; = 0.5°C/W. 


Operating-point Considerations The effects of self-heating may be 
appreciated by referring to Fig. 9-14, which shows three constant-power 
hyperbolas and a de load line tangent to one of them. It can be shown (Prob. 
9-32) that the point of tangency C’ bisects the load line AB. Consider that 
the quiescent point is above the point of tangency, say at Qi. If now the 
collector current increases, the result is a lower collector dissipation because 
Q: moves along the load line in the direction away from the 300-W toward 
the 100-W parabola. The opposite is true if the quiescent point is below the 
point of tangency, such as at Qe. We can conclude that if Vex is less than 
Vec/2, the quiescent point lies in a safe region, where an increase in collector 
current results in a decreased dissipation. If, on the other hand, the operating 
point is located so that Vee > Vec/2, the self-heating results in even more 
collector dissipation, and the effect is cumulative. 

It is not always possible to select an operating point which satisfies the 
restriction Vez <4Vecc. For example, if the load A, is transformer-coupled 
to the collector, as in Fig. 9-15, then R, represents the small primary de 
resistance, and hence the load line is almost vertical, as indicated by the 
dashed line in Fig. 9-14. Clearly, Vcz can be less than $V cc only for exces- 
sively large collector currents. Hence thermal runaway can easily occur with 
a transformer-coupled load or with a power amplifier which has small collector 
and emitter resistances. For such circuits it is particularly important to 
take precautions to keep the stability factors (discussed in the preceding 
sections) so small as to maintain essentially constant collector current. 


The Condition for Thermal Stability We now obtain the restrictions to 
be met if thermal runaway is to be avoided. The required condition is that 
the rate at which heat is released at the collector junction must not exceed 
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the rate at which the heat can be dissipated under steady-state conditions. 
From Eq. (9-40) it follows that 
OPc 1 


aT, < 3) (9-41) 


is the condition which must be satisfied to prevent thermal runaway. By suitable 
circuit design it is possible to ensure that the transistor cannot run away below 
a specified ambient temperature or even under any conditions. Such an 
analysis is made in the next section. 


9-10 THERMAL STABILITY 


Let us refer to Fig. 9-5@ and assume that the transistor is biased in the active 
region. The power generated at the collector junction with no signal is 


Pe = leVes = IcVee (9-42) 


If we assume that the quiescent collector and emitter currents are essentially 
equal, Eq. (9-42) becomes 


Poe = IleVeo — Ic?(Re + R) (9-48) 


Equation (9-41), the condition to avoid thermal runaway, can be rewritten 
as follows: 


OPc dlc _ 1 

ale oT; ~O (9-44) 
Since © and 6J¢/dT; are positive, Eq. (9-44) is always satisfied if @P¢/dIc is 
negative. From Eq. (9-43) 


aE se = Veco — 2I¢(R. + FR.) (9-45) 
ole 


Hence, to avoid thermal runaway, it is necessary that 


Vee 
2(R.o + RB.) 


Since Vez = Veo — Ic(R. + F,), then Eq. (9-46) implies that Vez < Vec/2, 
and this checks with our previous conclusion from Fig. 9-14. If the inequality 
of Eq. (9-46) is not satisfied and Veg > Vee/2, then from Eq. (9-45) we see 
that @Pc/dIc is positive, and the designer must ensure that Eq. (9-44) will 
be satisfied, or else thermal runaway will occur. 


Ig > (9-46) 


EXAMPLE Find the value of @ required for the Ge transistor of the example on 
page 296 in order for the circuit to be thermally stable. Assume Vce = 30 V and 
R, = 2.0 Kand Rk, = 4.7 K. 
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Solution From Hq. (9-45), since Jc = 1.5 mA and R, = 4.7 K, 


ix 
OPe _ 30 — (1.5) (4.7 + 2.0) = 9.9V 
OIc 
From page 297 I¢ increases by 0.131 mA over a temperature range of 25 to 75°C. 
Hence 


Oc _ 0.181 K 107? 
aT; 75 — 25 


= 2.62 X 10°°A,°C 


From Eq. (9-44) 


9.9 X 2.62 XK 10-5 < x 


or 
© < 3.85 x 10° CW 


This upper bound on @ is so high that no transistor would violate it, and there- 
fore this cireuit will be safe from thermal runaway. 


In some practical problems the effect of Ico dominates, and we present 
an analysis of the thermal-runaway problem for this case. From Eqs. (9-44) 
and (9-80) 


aPe dlco I 


In Sec. 5-7 it is noted that the reverse saturation current for either silicon or 
germanium increases about 7 percent/°C, or 
dlco 


aT; ~ 0.07 Ico (9-48) 


Substituting Eqs. (9-45) and (9-48) in Eq. (9-47) results in 
1 
[Veo ~— 2Ic(Re + R.)](S)(0.07I co) < 5 (9-49) 


Equation (9-49) remains valid for a p-n-p transistor provided that Jc (and 
Ico) are understood to represent the magnitude of the current. 

The above equation illustrates that amplifier circuits operated at low cur- 
rent and designed with low values of stability factor (S < 10) are rarely 
susceptible to thermal runaway. In contrast, power amplifiers operate at 
high power levels. In addition, in such circuits, R, is a small resistance for 
power efficiency, and this results in a high stability factor S. As a result, 
thermal runaway in power stages is a major consideration, and the designer 
must guard against it by attaching the collector to a heat sink. 
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Fig. 9-15 Power amplifier with a trans- 
former-coupled load. 


EXAMPLE Figure 9-15 shows a power amplifier using a p-n-p germanium 
transistor with 6 = 100 and Ico = —5 mA. The quiescent collector current 
isI¢ = —1A. Find (q) the value of resistor Rs; (6) the largest value of © that can 
result in a thermally stable circuit. Assume that the effect of Ico dominates. 


Solution a. The collector current is given by Eq. (9-6), or 
Ie= Bla + qd + B)Ico bod BU ae Ico) 


and 

iy = — bE I, gk 

100 

If we neglect Vaz, we have 

5 X 107°R, = 40 — 5 or R, = 7,000 Q 

b. Since |Vcz| = 40-— 15 = 25 > 3|Vec| = 20 V, the circuit of Fig. 9-15 
is not inherently stable. The stability factor S is obtained from Eq. (9-13). 

1 + 7,000-5 

101 + 7,000/5 
Substituting in Eq. (9-49), we obtain 


(40 — 2X 1 X 15)(94.3) (0.07 & 5 & 10-3) < 


= 94.3 


S = 101 


or 
© < 3.03°C,W 
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REVIEW QUESTIONS 


9-1 What ratings limit the range of operation of a transistor? 

9-2 Why is capacitive coupling used to connect a signal source to an amplifier? 

9-3 For a capacitively coupled load, is the de load larger or smaller than the ac 
load? Explain. 

9-4 (a) Draw a fixed-bias circuit. (6) Explain why the circuit is unsatisfactory 
if the transistor is replaced by another of the same type. 

9-5 Discuss thermal instability. 

9-6 (a) Draw a self-bias circuit. (6) Explain qualitatively why such a circuit 
is an improvement on the fixed-bias circuit, as far as stability is concerned. 

9-7 (a) How is the load line drawn for a self-bias circuit? Justify your answer. 
(0) Define bias curve. (c) Explain how the bias curve is used to obtain the quiescent 
point for this circuit. j 

9-8 (a) List the three sources of instability of collector current. (b) Define the 
three stability factors. 

9-9 How does the designer minimize the percentage variations in I¢ (a) due to 
variations in Igo and Vz and (8) due to variations in 8? 

9-10 Over what temperature range can a transistor be used if it is (a) silicon and 
(6) germanium? 

9-11 The collector-current variation is usually greater due to which parameter 
change (/co or Vaz) for (a) silicon and (6) germanium? 

9-12 Define (a) stabilization techniques and (b) compensation techniques. 

9-13 Draw a circuit which uses a diode to compensate for changes (a) in Vez 
and (b) in Ico. 

9-14 (a) Draw a properly biased integrated-circuit linear amplifier. (6) How 
are the parameter values chosen so that the quiescent output voltage is Vcc? 

9-15 Draw a circuit employing (a) thermistor compensation and (b) sensitor 
compensation. 

9-16 Discuss thermal runaway. 

9-17 Define thermal resistance. Give its dimensions and order of magnitude for a 
transistor. 

9-18 (a) Draw a derating curve for a power transistor. (b) How is the thermal 
resistance obtained froin this plot? 

9-19 Show graphically that thermal runaway cannot take place if the quiescent 
point is located at Vez < $V ce. 

9-20 What is the condition for thermal stability? Explain. 


FIELD-EFFECT 
TRANSISTORS 


The field-effect transistor! is a semiconductor device which depends 
for its operation on the control of current by an electric field. There 
are two types of field-effect transistors, the junction field-effect transis- 
tor (abbreviated JFET, or simply FET) and the znsulated-gate field- 
effect transistor (IGFET), more commonly called the metal-oxide-semi- 
conductor (MOS) transistor (MOST, or MOSFET). 

The principles on which these devices operate, as well as the 
differences in their characteristics, are examined in this chapter. 
Representative circuits making use of FET transistors are also 
presented. 

The field-effect transistor differs from the bipolar junction tran- 
sistor in the following important characteristics: 


1. Its operation depends upon the flow of majority carriers only. 
It is therefore a unipolar (one type of carrier) device. 

2. It is simpler to fabricate and occupies less space in integrated 
form. 

3. It exhibits a high input resistance, typically many megohms. 

4. It is less noisy than a bipolar transistor. 

5. It exhibits no offset voltage at zero drain current, and hence 
makes an excellent signal chopper.? 


The main disadvantage of the FET is its relatively small gain- 
bandwidth product in comparison with that which can be obtained with 
a conventional transistor. The principal applications of MOSFETs 
are as LSI digital arrays. : 
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10-1 THE JUNCTION FIELD-EFFECT TRANSISTOR 


The structure of an n-channel field-effect transistor is shown in Fig. 10-1. 
Ohmic contacts are made to the two ends of a semiconductor bar of n-type 
material (if p-type silicon is used, the device is referred to as a p-channel FET). 
Current is caused to flow along the length of the bar because of the voltage 
supply connected between the ends. This current consists of majority carriers, 
which in this case are electrons. A simple side view of a JFET is indicated in 
Fig. 10-la and a more detailed sketch is shown in Fig. 10-1b. The circuit 
symbol with current and voltage polarities marked is given in Fig. 10-2. The 
following FET notation is standard. 


Source The source S is the terminal through which the majority carriers 
enter the bar. Conventional current entering the bar at S is designated by Is. 


Drain The drain D is the terminal through which the majority carriers 
leave the bar. Conventional current entering the bar at D is designated by Ip. 
The drain-to-source voltage is called Vns, and is positive if D is more positive 
than S. In Fig. 10-1, Vos = Vop = drain supply voltage. 


Gate On both sides of the n-type bar of Fig. 10-1, heavily doped (p+) 
regions of acceptor impurities have been formed by alloying, by diffusion, or 


Gate 


Fig. 10-1 The basic structure of an n-channel field-effect transistor. (a) Sim- 
plified view. (b) More detailed drawing. The normal polarities of the drain- 
to-source (Vpp) and gate-to-source (Vea) supply voltages are shown. Ina 
p-channel FET the voltages would be reversed, 
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by any other procedure available for creating p-n junctions. These impu- 
rity regions are called the gate G. Between the gate and source a voltage 
Ves = —Vee is applied in the direction to reverse-bias the p-n junction. 
Conventional current entering the bar at G is designated Ig. 


Channel The region in Fig. 10-1 of n-type material between the two 
gate regions is the channel through which the majority carriers move from 
source to drain. 


FET Operation It is necessary to recall that on the two sides of the 
reverse-biased p-n junction (the transition region) there are space-charge 
regions (Sec. 3-7). The current carriers have diffused across the junction, 
leaving only uncovered positive ions on the n side and negative ions on the 
pside. The electric lines of field intensity which now originate on the positive 
ions and terminate on the negative ions are precisely the source of the voltage 
drop across the junction. As the reverse bias across the junction increases, so 
also does the thickness of the region of immobile uncovered charges. The con- 
ductivity of this region is nominally zero because of the unavailability of cur- 
rent carriers. Hence we see that the effective width of the channel in Fig. 10-1 
will become progressively decreased with increasing reverse bias. Accordingly, 
for a fixed drain-to-source voltage, the drain current will be a function of the 
reverse-biasing voltage across the gate junction. The term field effect is used 
to describe this device because the mechanism of current control is the effect 
of the extension, with increasing reverse bias, of the field associated with the 
region of uncovered charges. 


FET Static Characteristics The circuit, symbol, and polarity conventions 
for an FET are indicated in Fig. 10-2. The direction of the arrow at the gate 
of the junction FET in Fig. 10-2 indicates the direction in which gate current 
would flow if the gate junction were forward-biased. The common-source 
drain characteristics for a typical n-channel FET shown in Fig. 10-3 give Ip 
against Vps, with Veg as a parameter. To see qualitatively why the charac- 
teristics have the form shown, consider, say, the case for which Veg = 0. For 
Ip = 0, the channel between the gate junctions is entirely open. In response 


Fig. 10-2 Circuit symbol for an 
n-channel FET. (For a p-channel FET 
the arrow at the gate junction points 
in the opposite direction.) For an 
n-channel FET, Jp and Vns are posi- 
tive and Ves is negative. Fora 
p-channel FET, Jp and Vns are nega- 


tive and Vag is positive. 
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to a small applied voltage Vps, the n-type bar acts as a simple semiconductor 
resistor, and the current Jp increases linearly with Vps. With increasing cur- 
rent, the ohmic voltage drop between the source and the channel region reverse- 
biases the junction, and the conducting portion of the channel begins to con- 
strict. Because of the ohmic drop along the length of the channel itself, the 
constriction is not uniform, but is more pronounced at distances farther from 
the source, as indicated in Fig. 10-1. Eventually, a voltage Vngs is reached 
at which the channel is “pinched off.”” This is the voltage, not too sharply 
defined in Fig. 10-8, where the current Ip begins to level off and approach a 
constant value. It is, of course, in principle not possible for the channel to 
close completely and thereby reduce the current Zp to zero. For if such, 
indeed, could be the case, the ohmic drop required to provide the necessary 
back bias would itself be lacking. Note that each characteristic eurve has an 
ohmic region for small values of Vps, where Ip is proportional to Vps. Each 
also has a constant-current region for large values of Vps, where Ip responds 
very slightly to Vps. 

If now a gate voltage Veg is applied in the direction to provide additional 
reverse bias, pinch-off will occur for smaller values of |Vns|, and the maxi- 
mum drain current will be smaller. This feature is brought out in Fig. 10-3. 
Note that a plot for a silicon FET is given even for Ves = +0.5 V, which is in 
the direction of forward bias. We note from Table 5-1 that, actually, the 
gate current will be very small, because at this gate voltage the Si junction is 
barely at the cutin voltage V,. 

The maximum voltage that can be applied between any two terminals of 
the FET is the lowest voltage that will cause avalanche breakdown (Sec. 3-11) 
across the gate junction. From Fig. 10-3 it is seen that avalanche occurs at 
a lower value of |V»s| when the gate is reverse-biased than for Ves = 0. This 
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Drain Gate Source 


Source 


Fig. 10-4 Single-ended-geometry 
junction FET. 


LETT 
fe : 
ye) 
is caused by the fact that the reverse-bias gate voltage adds to the drain volt- 
age, and hence inereases the effective voltage across the gate junction. 
We note from Tig. 10-2 that the n-channel FET requires zero or negative 
gate bias and positive drain voltage. The p-channel FET requires opposite 
voltage polarities. Hither end of the channel may be used as a source. We 


can remember supply polarities by using the channel type, p or n, to designate 
the polarity of the source side of the drain supply. 


Channel 


A Practical FET Structure The structure shown in Fig. 10-1 is not prac- 
tical because of the difficulties involved in diffusing impurities into both sides 
of a semiconductor wafer. Figure 10-4 shows a single-ended-geometry junc- 
tion FET where diffusion is from one side only. The substrate is of p-type 
material onto which an n-type channel is epitaxially grown (Sec. 7-3). A 
p-type gate is then diffused into the n-type channel. The substrate which 
may function as a second gate is of relatively low resistivity material. The 
diffused gate is also of very low resistivity material, allowing the depletion 
region to spread mostly into the n-type channel. 


10-2 THE PINCH-OFF VOLTAGE V> 


We derive an expression for the gate reverse voltage Vp that removes all the 
free charge from the channel using the physical model described in the pre- 
ceding section. This analysis was first made by Shockley,! using the structure 
of Fig. 10-1. In this device a slab of n-type semiconduetor is sandwiched 
between two layers of p-type material, forming two p-n junctions. 

Assume that the p-type region is doped with N4 acceptors per cubic meter, 
that the n-type region is doped with Np donors per cubic meter, and that the 
junction formed is abrupt. The assumption of an abrupt junction is the same 
as that made in See. 3-7 and Fig. 3-10, and is chosen for simplicity. More- 
over, if N4 >> Np, we see from Eq. (3-17) that W, « W,, and using Eq. (3-21), 
we have, for the space-charge width, W.(z) = W(z) at a distance x along the 
channel in Fig. 10-1: : 


WO} Seta = la (v. — vay)" (10-1) 
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where e¢ = dielectric constant of channel material 
q = magnitude of electronic charge 
V, = junction contact potential at x (Fig. 3-1d) 
V(x) = applied potential across space-charge region at z and is a negative 
number for an applied reverse bias 
a — b(x) = penetration W(a) of depletion region into channel at a point x 
along channel (Fig. 10-1) 

If the drain current is zero, b(z) and V(x) are independent of x and 
b(z) = b. If in Eq. (10-1) we substitute b(z) = 6 = 0 and solve for V, on the 
assumption that |V.| << |V|, we obtain the pinch-off voltage Vp, the diode 
reverse voltage that removes all the free charge from the channel. Hence 


It 


|Vp| = 5— a? (10-2) 

If we substitute Ves for V. — V(x) in Eq. (10-1), we obtain, using Eq. (10-2), 
b 2 

Vas = (1 = 2) Vp (10-3) 


The voltage Vas in Eq. (10-3) represents the reverse bias across the gate 
junction and is independent of distance along the channel if Jp = 0. 


EXAMPLE For an x-channel silicon FET with a = 3 X 10-4. cm and Np = 1015 
electrons/cm3, find (a) the pinch-off voltage and (6) the channel half-width for 
Vas = 4Vp and Ip = 0. 

Solution a. The relative dielectric constant of silicon is given in Table 2-1 as 
12, and hence e = 12e,. Using the values of g and ¢ from Appendix A, we 
have, from Eq. (10-2), expressed in mks units, 


_ 1.60 X 107'® X 10" X (3 X 1078)? 
2X 12 X (867 X 109)1 


b. Solving Eq. (10-8) for b, we obtain for Veg = 4Vp 


Vp = 6.8 V 


+ 
b= o[t = (=) = (8 x 10-4[1 — (4)3| = 0.87 X 10-* cm 
P 


Hence the channel width has been reduced to about one-third its value for Ves = 0. 


10-3 THE JFET VOLT-AMPERE CHARACTERISTICS 


Assume, first, that a small voltage Vps is applied between drain and source. 
The resulting small drain current Jp will then have no appreciable effect on 
the channel profile. Under these conditions we may consider the effective 
channel cross section A to be constant throughout its length. Hence A = 2bu, 
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where 20 is the channel width corresponding to zero drain current as given by 
Eq. (10-3) for a specified Ves, and w is the channel dimension perpendicular 
to the 6 direction, as indicated in Fig. 10-1. 

Since no current flows in the depletion region, then, using Ohm’s law 
[Eq. (2-7)], we obtain for the drain current 


Tp = AgN nin’ — Dowel on, es (10-4) 


where Z is the length of the channel. 
Substituting b from Eq. (10-3) in Eq. (10-4), we have 


2awgN pun Ves\3 
Ip = Manabe — (Fe) | Von (10-5) 


The ow Resistance 74,0n Equation (10-5) describes the volt-ampere 
characteristics of Fig. 10-3 for very small Vys, and it suggests that under these 
conditions the FET behaves like an ohmic resistance whose value is deter- 
mined by Ves. The ratio Vos/Jp at the origin is called the on drain resis- 
tance ra,on. For a JFET we obtain from Kq. (10-5), with Ves = 0, 


ee 
2awgN oun 


TON = (10-6) 
For the device values given in the illustrative example in this section and 
with L,’w~ = 1, we find that rz,on = 3.8 K. For the dimensions and concen- 
tration used in commercially available FETs and MOSFETs (Sec. 10-5), 
values of rz,on ranging from about 100 @ to 100 K are measured. This param- 
eter is important in switching applications where the FET is driven heavily on. 
The bipolar transistor has the advantage over the field-effect device in that 
Fes is usually only a few ohms, and hence is much smaller than ry,on. How- 
ever, a bipolar transistor has the disadvantage for chopper applications? of 
possessing an offset voltage (Sec. 5-12), whereas the FET characteristics pass 
through the origin, Jp = 0 and Vos = 0. 


The Pinch-off Region We now consider the situation where an electric 
field & appears. along the x axis. If a substantial drain current Jp flows, the 
drain end of the gate is more reverse-biased than the source end, and hence 
the boundaries of the depletion region are not parallel to the longitudinal axis 
of the channel, but converge as shown in Fig. 10-1. If the convergence of the 
depletion region is gradual, the previous one-dimensional analysis is valid! in a 
thin slice of the channel of thickness Az and at a distance x from the source. 
Subject to this condition of the “gradual” channel, the current may be written 
by inspection of Fig. 10-1 as 


Lp a 2b(x)wgN punbe (10-7) 


As Vos increases, & and Ip increase, whereas b(x) decreases because the 
channel narrows, and hence the current density J = Ip/2b(x)w increases. We 
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now see that complete pinch-off (6 = 0) cannot take place because, if it did, 
J would become infinite, which is a physically impossible condition. If J 
were to increase without limit, then, from Eq. (10-7), so also would &., provided 
that a remains constant. It is found experimentally,*4 however, that the 
mobility is a function of electric field intensity and remains constant only 
for & < 10% V.’cm in n-type silicon. For moderate fields, 10? to 104 V/cm, 
the mobility is approximately inversely proportional to the square root of the 
applied field. For still higher fields, such as are encountered at pinch-off, 
un is inversely proportional to &. In this region the drift velocity of the 
electrons (vz = ua&z) remains constant, and Ohm’s law is no longer valid. 
From Eq. (10-7) we now see that both Ip and b remain constant, thus explain- 
ing the constant-current portion of the V-J characteristic of Fig. 10-3. 

What happens‘ if Vpgs is increased beyond pinch-off, with Ves held 
constant? As explained above, the minimum channel width bmin = 5 has a 
small nonzero constant value. This minimum width occurs at the drain end 
of the bar. As Vos is increased, this increment in potential causes an increase 
in &2 in an adjacent channel section toward the source. Referring to Fig. 10-5, 
the velocity-limited region L’ increases with Vpg, whereas 6 remains at a fixed 
value. 


The Region before Pinch-off We have verified that the FET behaves as 
an ohmic resistance for small Vns and as a constant-current device for large 
Vps. An analysis giving the shape of the volt-ampere characteristic between 
these two extremes is complicated. It has already been mentioned that in 
this region the mobility is at first independent of electric field and then p 
varies with &~! for larger values of &2 (before pinch-off). Taking this rela- 
tionship into account, it is possible*-® to obtain an expression for Ip as a 


Depletion region 


Fig. 10-5 After pinch-off, as Vps is increased, then L’ 
increases but 6 and Ip remain essentially constant. (Gi 
and G@, are tied together.) 


318 / INTEGRATED ELECTRONICS Sec. 10-4 


function of Vps and Ves which agrees quite well with experimentally deter- 
mined curves. 


The Transfer Characteristic In amplifier applications the FET is almost 
always used in the region beyond pinch-off (also called the constani-current, 
pentode, or curreni-saiuration region). Let the saturation drain current be 
designated by Ips, and its value with the gate shorted to the source (Ves = 0) 
by Ipss. It has been found® that the transfer characteristic, giving the rela- 
tionship between Ips and Vas, can be approximated by the parabola 


2 
Ips = Iss ( = ) (10-8) 


This simple parabolic approximation gives an excellent fit, with the experi- 
mentally determined transfer characteristics for FETs made by the diffusion 
process, 


Cutoff Consider an FET operating at a fixed value of Vpsin the constant- 
current region. As V@s is increased in the direction to reverse-bias the gate 
junction, the conducting channel will narrow. When Ves = Vp, the channel 
width is reduced to zero, and from Eq. (10-8), Ips = 0. With a physical 
device some leakage current /p,orr still flows even under the cutoff condition 
|Ves| > |Ve|. A manufacturer usually specifies a maximum value of Tp, ore 
at a given value of Ves and Vos. Typically, a value of a few nanoamperes 
may be expected for Zp, orr for a silicon FET. 

The gate reverse current, also called the gate cutoff curreni, designated by 
Tess, gives the gate-to-source current, with the drain shorted to the source 
for |Ves| > |Ve|. Typically, Jess is of the order of a few nanoamperes for a 
silicon device. : : 


10-4 THE FET SMALL-SIGNAL MODEL 


The linear small-signal equivalent circuit for the FET can be obtained in a 
manner analogous to that used to derive the corresponding model for.a tran- 
sistor. We employ the same notation in labeling time-varying and de currents 
and voltages as used in Secs, 8-1 and 8-2 for the transistor. We can formally 
express the drain current tp as a function f of the gate voltage ves and drain 
voltage ups by 


tp = f(ves, Ups) (10-9) 
The Transconductance gm and Drain Resistance rz If both the gate and 


drain voltages are varied, the change in drain current is given approximately 
by the first two terms in the Taylor’s series expansion of Eq. (10-9), or 


. _ dp dip 
Aip = Bias (Von Aves + Bens |¥oe Alps (10-10) 
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In the small-signal notation of Sec. 8-1, Ato = tz, Aves = Yo, and A’ps = Vje, 
so that Eq. (10-10) becomes 


: a 
ta = Gms + 7, fas (10-11) 
da 
where 
_ dtp _ Atp _ ta 
Gn Ov|es |V a a Aveg |Vos = Ugs [Vos (10-12) 


is the mutual conductance, or transconductance. It is also often designated 
by yy. or gy. and called the (common-source) forward transadmitiance. The 
second parameter rg in Eq. (10-11) is the drain (or output) resistance, and is 
defined by 


_ dps _ Avs 


dtp |Ves Atp 


= Vas 
Vas ta 


Ta (10-13) 


Vas 


The reciprocal of ra is the drain conductance gz. It is also designated by you 
and go, and called the (common-source) output conductance. 
An amplijicaiton factor u for an FET may be defined by 


= dvns Avns _ __ Yas 
BS aves l. Aves Ip a Ves e=0 (10-14) 

We can verify that yu, ra, and gm are related by 
B= Tam (10-15) 


by setting 7: = 0 in Eq. (10-11). 
An expression for gm is obtained by applying the definition of Eq. (10-12) 
to Eq. (10-8). The result is 


Vi 2 
Gm = Jmo ¢ = v) py (ZossI ps) (10-16) 
where Ymo is the value of gm for Ves = 0, and is given by 
_ —22pss 
Jno = Vip (10-17) 


Since Ipss and Vp are of opposite sign, gm. is always positive. Note that the 
transconductance varies as the square root of the drain current. The relation- 
ship connecting gm, Ipss, and Vp has been verified experimentally.? Since 
9mo can be measured and Ipss can be read on a de milliammeter placed in the 
drain lead (with zero gate excitation), Eq. (10-17) gives a method for obtain- 
ing Ve. 

The dependence of gn upon Ves is indicated in Fig. 10-6 for the 2N3277 
FET (with Vp ~ 4.5 V) and the 2N3278 FET (with Vp = 7 V). The linear 
relationship predicted by Eq. (10-16) is seen to be only approximately valid. 
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Fig. 10-6 Transconductance gm versus 
gate voltage for types 2N3277 and 
2N3278 FETs. (Courtesy of Fairchild 
Semiconductor Company.) 
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Temperature Dependence Curves of g,, and ry versus temperature are 
given in Fig. 10-7. The drain current Ips has the same temperature variation 
as does gm. The principal reason for the negative temperature coefficient of 
Ing is that the mobility decreases with increasing temperature.® Since this 
majority-carrier current decreases with temperature (unlike the bipolar tran- 
sistor whose minority-carrier current increases with temperature), the trouble- 
some phenomenon of thermal runaway (Sec. 9-9) is not encountered with 
field-effect transistors. 


The FET Model A circuit which satisfies Eq. (10-11) is indicated in 
Fig. 10-82. This low-frequency small-signal model has a Norton’s output cir- 
cuit with a dependent current generator whose current is proportional to the 
gate-to-source voltage. The proportionality factor is the transconductance 
gm, which is consistent with the definition of g,, in Eq. (10-12). The output 
resistance is rg, which is consistent with the definition in Eq. (10-13). The 
input resistance between gate and source is infinite, since it is assumed that 
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Fig. 10-7 Normalized g, and nor- 
malized rg versus 74 (for the 2N3277 
and the 2N3278 FETs with Vns = —10V, 
Ves = OV, and f = 1kHz). (Courtesy 
of Fairchild Semiconductor Company.) 
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Fig. 10-8 (a) The low-frequency small-signal FET model. (b) The high-frequency 
model, taking node capacitors into account. 


the reverse-biased gate takes no current. For the same reason the resistance 
between gate and drain is assumed to be infinite. 

The FET model of Fig. 10-8a should be compared with the h-parameter 
model of the bipolar junction transistor of Fig. 8-6. The latter also has a 
Norton’s output circuit, but the current generated depends upon the input 
current, whereas in the FET model the generator current depends upon the 
input voltage. Note that there is no feedback at low frequencies from output 
to input in the FET, whereas such feedback exists in the bipolar transistor 
through the parameter h-e. Finally, observe that the high (almost infinite) 
input resistance of the FET is replaced by an input resistance of about 1 K 
for a CE amplifier. In summary, the field-effect transistor is a much more 
ideal amplifier than the conventional transistor aé low frequencies. Unfortu- 
nately, this is not true beyond the audio range, as we now indicate. 

The high-frequency model given in Fig. 10-80 is identical with Fig. 10-8 
except that the capacitances between pairs of nodes have been added. The 
capacitor C,, represents the barrier capacitance between gate and source, and 
Coa is the barrier capacitance between gate and drain. The element Ca 
represents the drain-to-source capacitance of the channel. Because of these 
internal capacitances, feedback exists between the input and output circuits, 
and the voltage amplification drops rapidly as the frequency is increased 
(Sec. 10-11). The order of magnitudes of the parameters in the model for a 
diffused-junction FET is given in Table 10-1. 


TABLE 10-1 Range of parameter values for an FET 


Parameter JFET MOSTPETt} 
Gm 0.1-10 mA/V 0.1-20 mA/V or more 
Ta 0.1-1M 1-50 K 
Cas 0.1-1 pF 0.1-1 pF 
Coy Coa 1-10 pF 1-10 pF 
Tos >1082 >101° 2 
Tod >108 2 > 101 a 


+ Discussed in Sec. 10-5. 
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10-5 THE METAL-OXIDE-SEMICONDUCTOR FET (MOSFET) 


In preceding sections we developed the volt-ampere characteristics and small- 
signal properties of the junction field-effect transistor. We now turn our 
attention to the insulated-gate FET, or metal-oxide-semiconductor FET, 
which is of much greater commercial importance than the junction FET. 

The p-channel MOSFET consists of a lightly doped n-type substrate 
into which two highly doped p* regions are diffused, as shown in Fig. 10-9. 
These pt sections, which will act as the source and ‘deat are separated by 
about 10 to 20 um. A thin (1,000 to 2,000 A) layer of insulating silicon 
dioxide (SiOz) is grown over the surface of the structure, and holes are cut 
into the oxide layer, allowing contact with the source and drain. Then the 
gate-metal area is overlaid on the oxide, covering the entire channel region. 
Simultaneously, metal contacts are made to the drain and source, aS shown in 
Fig. 10-9. The contact to the metal over the channel area is the gate terminal. 
The chip area of a MOSFET is 5 square mils or less, which is only about 
5 percent of that required by a bipolar junction transistor. 

The metal area of the gate, in conjunction with the insulating dielectric 
oxide layer and the semiconductor channel, form a parallel~plate capacitor. 
The insulating layer of silicon dioxide is the reason why this device is called 
the insulated-gate field-effect transistor. This layer results in an extremely 
high input resistance (10!° to 10! &) for the MOSFET. The p-channel 
enhancement MOSFET is the most commonly available field-effect device 
(1972), and its characteristics will now be described. 


The Enhancement MOSFET If we ground the substrate for the structure 
of Fig. 10-9 and apply a negative voltage at the gate, an electric field will be 
directed perpendicularly through the oxide. This field will end on “induced” 
positive charges on the semiconductor site, as shown in Fig. 10-9. The posi- 
tive charges, which are minority carriers in the n-type substrate, form an 
“Inversion layer.” As the magnitude of the negative voltage on the gate 
increases, the induced positive charge in the semiconductor increases. The 
region beneath the oxide now has p-type carriers, the conductivity increases, 
and current flows from source to drain through the induced channel. Thus 


Source Gate (-) 
oO © 


Fig. 10-9 Enhancement in a 
p-channel MOSFET. (Courtesy of 


ee Motorola Semiconductor Products, 
nauce 
p channel Inc.) 
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Fig. 10-10 (a) The drain characteristics and (b) the transfer curve (for Vix = 
10 V) of a p-channe! enhancement-type MOSFET. 


the drain current is “enhanced” by the negative gate voltage, and such a 
device is called an enhancement-type MOS. 


Threshold Voltage The volt-ampere drain characteristics of a p-channel 
enhancement-mode MOSFET are given in Fig. 10-10a, and its transfer curve 
in Fig. 10-10b. The current Joss at Veg > 0 is very small, of the order of a 
few nanoamperes. As Ves is made negative, the current |p| increases slowly 
at first, and then much more rapidly with an increase in |Ves|. The manu- 
facturer often indicates the gate-source threshold voltage Vesr, or Vr,t at 
which |Zp| reaches some defined small value, say 10 pA. A current Ip,on 
corresponding approximately to the maximum value given on the drain char- 
acteristics, and the value of Vgs needed to obtain this current are also usually 
given on the manufacturer’s specification sheets. 

The value of Vy for the p-channel standard MOSFET is typically —4 V, 
and it is common to use a power-supply voltage of —12 V for the drain supply. 
This large voltage is incompatible with the power-supply voltage of typically 
5 V used in bipolar integrated circuits. Thus various manufacturing tech- 
niques!® have been developed to reduce Vr. In general, a low threshold 
voltage allows (1) the use of a small power-supply voltage, (2) compatible 
operation with bipolar devices, and (3) smaller switching time due to the 
smaller voltage swing during switching. 

Three methods are used to lower the magnitude of Vr. 


1. The high-threshold MOSFET described above uses a silicon crystal 
with (111) orientation. If a crystal is utilized in the (100) direction it is found 
that a value of Vy results which is about one-half that obtained with (111) 
orientation. 

2. The silicon nitride approach makes use of a layer of SisNs and SiOz, 


} In this chapter the threshold voltage should not be confused with the volt equivalent 
of temperature V7 of Sec. 2-9. 
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whose dielectric constant is about twice that of SiOe alone. A FET con- 
structed in this manner (designated an MNOS device) decreases Vy to 
approximately 2 V. 

3. Polyerystalline silicon doped with boron is used as the gate electrode 
instead of aluminum. This reduction in the difference in contact potentials 
between the gate electrode and the gate dielectric reduces Vr. Such devices 
are called szlicon gate MOS transistors. All three of the fabrication methods 
described above result in a low-threshold device with Vz in the range 1.5 to 
2.5 V, whereas the standard high-threshold MOS has a Vy of approximately 
4to6V. 


Power Supply Requirements Table 10-2 gives the voltages customarily 
used with high-threshold and low-threshold p-channel MOSFETs. Note that 
Vss refers to the substrate, Vpn to the drain, and Veg to the gate supply 
voltages. The subscript 1 denotes that the source is grounded and the sub- 
script 2 designates that the drain is at ground potential. 

The low-threshold MOS circuits require lower power supply voltages and 
this means less expensive system power supplies. In addition, the input volt- 
age swing for turning the device on and orF is smaller for the lower-threshold 
voltage, and this means faster operation. Another very desirable feature of 
low-threshold MOS circuits is that they are directly compatible with bipolar 
ICs. They require and produce essentially the same input and output signal 
swings and the system designer has the flexibility of using MOS and bipolar 
circuits in the same system. 


TABLE 10-2 Power supply voltages for p-channel MOSFETs, in 
volts 


Vssi Von1 Vou Vssz Von Veo 
High-threshold 0 —12 —24 +12 0 —12 


Low-threshold 0 —5 —17 +5 0 —12 


lon Implantation!® The ion-implantation technique demonstrated in 
Fig. 10-11 provides very precise control of doping. Ions of the proper dopant 
such as phosphorus or boron are accelerated to a high energy of up to 800,000 eV 
and are used to bombard the silicon wafer target. The energy of the ions 
determines the depth of penetration into the target. In those areas where 
ion implantation is not desired, an aluminum mask or a thick (12,000 A) 
oxide layer absorbs the ion. Virtually any value of Vz can be obtained using 
ion implantation. In addition, we see from Fig. 10-11 that there is no overlap 
between the gate and drain or gate and source electrodes (compare Fig. 10-11 
with Fig. 10-9). Consequently, due to ion implantation, there is a drastic 
reduction in C'gq and Cqs. 
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Fig. 10-11 lon implantation in 
MOS devices. 
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The Depletion MOSFET A second type of MOSFET can be made if, to 
the basic structure of Fig. 10-9, a channel is diffused between the source and 
the drain, with the same type of impurity as used for the source and drain 
diffusion. Let us now consider such an n-channel structure, shown in Fig. 
10-12a. With this device an appreciable drain current Ipss flows for zero 
gate-to-source voltage Ves = 0. If the gate voltage is made negative, positive 
charges are induced in the channel through the SiO, of the gate capacitor. 
Since the current in an FET is due to majority carriers (electrons for an n-type 
material), the induced positive charges make the channel less conductive, and 
the drain current drops as Ves is made more negative. The redistribution of 
charge in the channel causes an effective depletion of majority carriers, which 
accounts for the designation depletion MOSFET. Note in Fig. 10-126 that, 
because of the voltage drop due to the drain current, the channel region nearest 
the drain is more depleted than is the volume near the source. This phenome- 
non is analogous to that of pinch-off occurring in a JFET at the drain end of 
the channel (Fig. 10-1). As a matter of fact, the volt-ampere characteristics 
of the depletion-mode MOS and the JFET are quite similar. 

A MOSFET of the depletion type just described may also be operated 


Diffused 
SiO, channel 
Gate Aluminum Source 
O O 


Source Gate (—) SiO, 
O O 


P (substrate) 


p (substrate) 


(2) (6) 


Fig. 10-12 (a) An n-channel depletion-type MOSFET. (b) Channel depletion 
with the application of a negative gate voltage. (Courtesy of Motorola Semi- 
conductor Products, Inc.) 
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Fig. 10-13. (a) The drain characteristics and (b) the transfer curve (for Vas = 
10 V) for an n-channel MOSFET which may be used in either the enhancement or 
the depletion mode. 


in an enhancement mode. It is only necessary to apply a positive gate voltage 
so that negative charges are induced into the n-type channel. In this manner 
the conductivity of the channel increases and the current rises above Ings. 
The volt-ampere characteristics of this device are indicated in Fig. 10-18a, 
and the transfer curve is given in Fig. 10-130. The depletion and enhance- 
ment regions, corresponding to Vgs negative and positive, respectively, should 
be noted. The manufacturer sometimes indicates the gate-source cutoff voliage 
Vas,orr, at which Ip is reduced to some specified negligible value at a recom- 
mended Vps. This gate voltage corresponds to the pinch-off voltage Vp of a 
JFET. 

The foregoing discussion is applicable in principle also to the p-channel 
MOSFET. For such a device the signs of all currents and voltages in the 
volt-ampere characteristics of Fig. 10-13 must be reversed. 


Comparison of p- with n-Channel FETs The p-channel enhancement 
FET, shown in Fig. 10-9, is very popular in MOS systems because it is much 
easier to produce than the n-channel device. Most of the contaminants in 
MOS fabrication are mobile ions which are positively charged and are trapped 
in the oxide layer between gate and substrate. In an n-channel enhance- 
ment device the gate is normally positive with respect to the substrate and, 
hence, the positively charged contaminants collect along the interface between 
the SiO» and the silicon substrate. The positive charge from this layer of ions 
attracts free electrons in the channel which tends to make the transistor turn 
on prematurely. In p-channel devices the positive contaminant ions are 
pulled to the opposite side of the oxide layer (to the aluminum-SiO, inter- 
face) by the negative gate voltage and there they cannot affect the channel. 

The hole mobility in silicon and at normal field intensities is approxi- 
mately 500 cm?/V-s. On the other hand, electron mobility is about 1,300 
em?/V-s. Thus the p-channel device will have more than twice the on resis- 
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tance of an equivalent n-channel of the same geometry and under the same 
operating conditions. In other words, the p-channel device must have more 
than twice the area of the n-channel device to achieve the same resistance. 
Therefore n-channel MOS circuits can be smaller for the same complexity 
than p-channel devices. The higher packing density of the n-channel MOS 
also makes it faster in switching applications due to the smaller junction areas. 
The operating speed is limited primarily by the internal RC time constants, 
and the capacitance is directly proportional to the junction cross sections. 
For all the above reasons it is clear that n-channel MOS circuits are more 
desirable than p-channel circuits. However, the more extensive process con- 
trol needed for »-channel fabrication makes them expensive and unable to 
compete economically with p-channel devices at this time (1972). 


MOSFET Gate Protection Since the SiO, layer of the gate is extremely 
thin, it may easily be damaged by excessive voltage. An accumulation of 
charge on an open-circuited gate may result in a large enough field to punch 
through the dielectric. To prevent this damage some MOS devices are fabri- 
cated with a Zener diode between gate and substrate. In normal operation 
this diode is open and has no effect upon the circuit. However, if the voltage 
at the gate becomes excessive, then the diode breaks down and the gate 
potential is limited to a maximum value equal to the Zener voltage. 


Circuit Symbols It is possible to bring out the connection to the sub- 
strate externally so as to have a tetrode device. Most MOSFETs, however, 
are triodes, with the substrate internally connected to the source. The circuit 
symbols used by several manufacturers are indicated in Fig. 10-14. Often 
the substrate lead is omitted from the symbol as in (a), and is then: under- 


D D D 


Gate Gate Substrate 
G G, G, G 


Source S$ Ss Ss 
(a) (d) (c) 


Fig. 10-14 Three circuit symbols for a p-channel MOSFET. 
(a) and (b) can be either depletion or enhancement types, 
whereas (c) represents specifically an enhancement device. 
In (a) the substrate is understood to be connected inter- 
nally to the source. For an n-channel MOSFET the direc- 
tion of the arrow is reversed. 
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Fig. 10-15 (a) MOS inverter (wor circuit). (b) The voltage truth 
table and Boolean expression. 


stood to be connected to the source internally. For the enhancement-type 
MOSFET of Fig. 10-14c, G2 is shown to be internally connected to S. 


Small-signal MOSFET Circuit Model!! If the small resistances of the 
source and drain regions are neglected, the small-signal equivalent circuit of 
the MOSFET between terminals G (= G,), S, and D is identical with that given 
in Fig. 10-8 for the JFET. The transconductance gm and the interelectrode 
capacitances have comparable values for the two types of devices. However, 
as noted in Table 10-1 on page 321, the drain resistance rz of the MOSFET 
is very much smaller than that of the JFET. It should also be noted in 
Table 10-1 that the input resistance 7r,, and the feedback resistance r,3 are 
very much larger for the MOSFET than for the JFET. 

If the substrate terminal G: is not connected to the source, the model of 
Fig. 10-8 must be generalized as follows: Between node G2 and S, a diode D1 
is added to represent the p-n junction between the substrate and the source. 
Similarly, a second diode D2 is included between Gz and D to account for the 
p-n junction formed by the substrate and the drain. 


10-6 DIGITAL MOSFET CIRCUITS? 


The most common applications of MOS devices are digital, such as logic 
gates (discussed in this section) and registers, or memory arrays (Chap. 17). 
Because of the gate-to-drain and gate-to-source and substrate parasitic capaci- 
tances, MOSFET circuits are slower than corresponding bipolar circuits. 
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However, the lower power dissipation and higher density of fabrication make 
MOS devices attractive and economical for many low-speed applications. 


Inverter MOSFET digital circuits consist entirely of FETs and no other 
devices such as diodes, resistors, or capacitors (except for parasitic capaci- 
tances). For example, consider the MOSFET inverter of Fig.10-15a. Device 
Q1 is the driver FET, whereas Q2 acts as its load resistance and is called the 
load FET. The nonlinear character of the load is brought into evidence as 
follows: Since the gate is tied to the drain, Vese = Voge. The drain charac- 
teristics of Fig. 10-10 are reproduced in Fig. 10-16a, and the shaded curve 
represents the locus of the points Ves: = Vas: = Vz. This curve also gives 
Ip» versus Vy, (for Veso = Vopgo), and its slope gives the incremental load con- 
ductance gz of Q2 as aload. Clearly, the load resistance is nonlinear. Note 
that Q2 is always conducting, (for |Vpsgo|.> |Vz|), regardless of whether Q1 is 
ON or OFF, 

An analytical expression for the load curve is given by Eq. (10-8) with 
Vas = Vos = V, and with Vp replaced by the threshold voltage Vesr = Vr. 

2 
Ios = Ings ¢ — ) for |Vns| > |Vol (10-18) 
and we see that this is 4 quadratic, rather than a linear, relationship. From 
Eq.(10-18) we find (Prob. 10-9) that the load conductance is equal to the 
transconductance of the FET, g: = gm. The same result is obtained in 
Sec. 10-7. 

The incremental resistance is not a very useful parameter when consid- 
ering large-signal (on-orr) digital operation. It is necessary to draw the 
load curve (corresponding to a load line with a constant resistance) on the volt- 
ampere characteristics of the driver FET Q1. The lead curve is a plot of 


In = Ip1 versus Vos. = Vo = —Vopn — Vi = —20 - Vos2 


where we have assumed a 20-V power supply. Fora given value of Zp: = Ipi, 
we find Vpse = Vz from the shaded curve in Fig. 10-16¢ and then plot the 
locus of the values Ip: versus Vo = Vps: in Fig. 10-166. For example, from 
Fig. 10-16a for Ip, = 4 mA, we find Vps2 = —14 V. Hence Ip: = 4 mA‘is 
located at Vosy = ~20 + 14 = —6 Vin Fig. 10-166. 
We now confirm that the circuit of Fig. 10-15 is an inverter, or NOT circuit. 
Let us assume negative logic (Sec. 5-1) with the 1, or low state, given by 
V(1) = —Vpp = —20 V and the 0, or high state, given by V(0) ~ 0. If 
i = Ves: = —20 V, then from Fig. 10-16b, V, = Von ~ —2 V. Hence, 
i = V(1) gives V, = V(0). Similarly from Fig. 10-160, if V; = 0 V, then 
= —Vppn — Vr = —-17 V for Vp x —3 V. Hence, V; = V (0) gives 
e = V(1), thus confirming the truth table of Fig. 10-15. 
We shall simplify the remainder of the discussion in this seetion by assum- 
ing that |Von| and |V;7| are small compared with |Vpp| and shall take Voy = 0 
and Vr = 0. Hence, to a first approximation the load FET may be con- 
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Fig. 10-16 (a) Q2 acts as a load Ip2 versus Vz, = Voge for the driver Q1. (b) 
The load curve Ip, versus Vo = Vos. 


sidered to be a constant resistance Rr, and may be represented by a load line 


passing through Ip = 0, Vos = —Vop and Ip = I, Vos = 0, where I is the 
drain current for Vps = Ves = —Vop. In other words, Ry = —Vopp/I. 
Most MOSFETs are p-channel enhancement-type devices, and negative logic 
is used with V(0) = 0 and V(1) = —Vopp. 


nanp Gate The operation of the negative NaND gate of Fig. 10-17 
can be understood if we realize that if either input V: or V2 is at 0 V (the 0 
state), the corresponding FET is orr and the current is zero. Hence the 
voltage drop across the load FET is zero and the output Vo. = —Vopp (the 
1 state). If both Vi and V2 are in the 1 state (Vi = V2 = —Vopp), then 
both Q1 and Q2 are on and the output is 0 V, or at the 0 state. These values 
are in agreement with the voltage truth table of Fig. 10-176. If 1 is sub- 
stituted for —Vpp in Fig. 10-170, then this logic agrees with the truth table 
for a NAND gate, given in Fig. 6-18. We note that only during one of the 
four possible input states is power delivered by the power supply. 


nor Gate The circuit of Fig. 10-18a is a negative Nor gate. When 
either one of the two inputs (or both) is at — Vpp, the corresponding FET is on 
and the output is at 0 V. If both inputs are at 0 V, both transistors Q1 and 
Q2 are orF and the output is at —Vpp. These values agree with the truth 
table of Fig. 10-18b. Note that power is drawn from the supply during three 
of the four possible input states. Because of the high density of MOS devices 
on the same chip, it is important to minimize power consumption in LSI 
MOSFET systems (Sec. 17-17). 

The cireuit of Fig. 10-17 may be considered to be a postitve NoR gate, and 
that of Fig. 10-18 to be a postiive NAND gate (Sec. 6-9). These MOSFET 
circuits are examples of direct-coupled transistor logic (DCTL), mentioned 
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Fig. 10-17 (a) MOSFET (negative) nano gate and (b) voltage truth 
table and Boolean expression. (Remember that 0 V is the zero state 
and —Vpp is the 1 state.) 


in Sec. 6-14. However, MOSFET DCTL circuits have none of the disad- 
vantages (such as base-current ‘hogging’’) of bipolar DCTL gates. A FLIP- 
FLOP constructed from MOSFETs is indicated in Prob. 10-11. An ann (or) 
gate is obtained by cascading a NAND (NoR) gate with a NoT gate. Typically, 
a three-input NAND gate uses about 16 mils? of chip area, whereas a single 
bipolar junction transistor may need about five times this area. 
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Fig. 10-18 (a) MOSFET (negative) Nor gate and (b) voltage truth table and 
Boolean equation. 
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Fig. 10-19 (a) Complementary MOS inverter. (b) Cross section of comple- 
mentary MOSFETS, Note that the p-type well is diffused into the n-type sub- 
strate and that the n-channel MOS @Q2 is formed in this region. 


Complementary MOS (CMOS)'? It is possible to reduce the power dis- 
sipation to very small (50 nW) levels by using complementary p-channel and 
n-channel enhancement MOS devices on the same chip. The basic comple- 
mentary MOS inverter circuit is shown in Fig. 10-19. Transistor Q1 is the 
p-channel unit, and transistor Q2 is n-channel. The two devices are in series, 
with their drains tied together and their gates also connected together. The 
logic swing gate voltage V, varies from 0 V to the power supply —Vpp. When 
Vi = —Vop (logic 1) transistor Q1 is turned on (but draws no appreciable 
steady-state current) and Q2 is turned orr, the output V, is then at 0 V 
(logic 0), and inversion has been accomplished. When zero voltage (logic 0) 
is applied at the input, the n-channel @Q2 is turned on (at no steady-state cur- 
rent) and Q1 is turned orr. Thus the output is at —Vpp (logic 1). In 
either logic state, Q1 or Q2 is orr and the quiescent power dissipation for this 
simple inverter is the product of the orr leakage current and —Vpp. 

More complicated digital CMOS circuits (wanp, Nor, and FLIP-FLOPS) can 
be formed by combining simple inverter circuits (Probs. 10-13 and 10-14). 

The remainder of the chapter considers the FET under small-signal opera- 
tion. We first discuss low-frequency gain, then methods of biasing the device 
in the linear range, and finally the high-frequency limitations of the FET. 


10-7 THE LOW-FREQUENCY COMMON-SOURCE 
AND COMMONLDRAIN AMPLIFIERS 


The common-source (CS) stage is indicated in Fig. 10-20a, and the common- 
drain (CD) configuration in Fig. 10-200. The former is analogous to the 
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~Vpp ~Vop 


Ry 
Fig. 10-20 (a) The CS and a 


(b) the CD configurations. 


R, 


(a) (b) 


bipolar transistor CE amplifier, and the latter to the CC stage. We shall 
analyze both of these circuits simultaneously by considering the generalized 
configuration in Fig. 10-21a. For the CS stage the output is 0; taken at the 
drain and R, = 0. For the CD stage the output is 72 taken at the source and 
Ra = 0. The signal-source resistance is unimportant since it is in series with 
the gate, which draws negligible current. No biasing arrangements are indi- 
cated (Sec. 10-8), but it is assumed that the stage is properly biased for linear 
operation. 

Replacing the FET by its low-frequency small-signal model of Fig. 10-8, 
the equivalent circuit of Fig. 10-210 is obtained. Applying KVL to the output 
circuit yields 


daRa + (la = GmUqs)Ta + take =0 (10-19) 


—Vop 


Fig. 10-21 (a) A generalized FET amplifier configuration. (b) The small- 


signal equivalent circuit. 
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From Fig. 10-216 the voltage from G to S is given by 
Vg = Vs — Wah (10-20) 


Combining Eqs. (10-19) and (10-20) and remembering that p» = ragm (Eq. 
(10-15)], we find 


- BY; z 
i aal  eeay Pasa eS ae 


The CS Amplifier with an Unbypassed Source Resistance Since 
Vor = —taRa, then 


— poy Ra 


tet Rat @t DR, G02?) 


Vor = 


From Eq. (10-22) we obtain the Thévenin’s equivalent circuit of Fig. 10-22a 
“looking into” the drain node (to ground). The open-circuit voltage is 
—y;, and the output resistance is Rp = rg + (u +1)R,. The voltage gain is 
Ay = %1/v;. The minus sign in Eq. (10-22) indicates that the output is 180° 
out of phase with the input. If R, is bypassed with a large capacitance or 
if the source is grounded, the above equations are valid with R, = 0. Under 
these circumstances, 


Bc es la 2 (10-23) 
where » = ram [Eq. (10-15)] and Ry = Ryllra. 


The CD Amplifier with a Drain Resistance Since v2 = i2R,, then from 
Eq, (10-21) 
wR, [mo:/(u + IIR. 
raat Rat@wtR (ret Rad)/(e +1) + 2, 


(10-24) 


Vo2 


(u + 1)R, 


Fig. 10-22. The equivalent circuits for the generalized amplifier of Fig. 10-21 
“looking into”’ (a) the drain and (b) the source. Note that p = ram. 
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From Eq. (10-24) we obtain the Thévenin’s equivalent circuit of Fig. 10-220 
‘looking into” the source node (to ground). The open-circuit voltage is 
pv;/(u + 1), and the output resistance is R, = (ry + Ra)/(u + 1). The volt- 
age gain is Ay = 2%./v;. Note that there is no phase shift between input and 
output. If Ra =0 and if @ +R. 7a, then Ay = p/(e +1) ~ 1 for 
n> 1. A voltage gain of unity means that the output (at the source) follows 
the input (at the gate). Hence the CD configuration is called a source follower 
(analogous to the ematier follower for a bipolar junction transistor). 

Note that the open-circuit voltage and the output impedance in either 
Fig. 10-22a or b are independent of the load (R, in Fig. 10-22a and R, in Fig. 
10-22b). These restrictions must be satisfied if the networks in Fig. 10-22 
are to represent the true Thévenin equivalents of the amplifier in Fig. 10-21. 

For the source follower (tz = 0) with » > 1, the output conductance is 


-~ t+ _e#tlow 
oo > Rs ta va 


9m (10-25) 


which agrees with the result obtained in Sec. 10-6 for the conductance looking 
into the source of a MOSFET with the gate at a constant voltage. In the 
discussion of diffused resistors in Sec. 7-8, it is indicated that 30 K is about the 
maximum resistance that can be fabricated. Larger values may be obtained 
by using the MOS structure as a load with gate connected to drain and tied 
to a fixed voltage such as Q2 in Fig. 10-15. By using a low g, FET, a high 
value of effective resistance is obtained. For example, for gn = 10 nA/V, we 
obtain Ko = 1/gm = 100 K. This value of effective resistance requires approx- 
imately 5 mil? of chip area compared with 300 mil? to yield a diffused 20-K 
resistance. 


10-8 BIASING THE FET 


The selection of an appropriate operating point (Ip, Ves, Vos) for an FET 
amplifier stage is determined by considerations similar to those given to 
transistors, as discussed in Chap. 9. These considerations are output-voltage 
swing, distortion, power dissipation, voltage gain, and drift of drain current. 
In most cases it is not possible to satisfy all desired specifications simulta- 
neously. In this section we examine several biasing circuits for field-effect 
devices. 


Source Self-bias The configuration shown in Fig. 10-23 can be used to 
bias junction FET devices or depletion-mode MOS transistors. For a specified 
drain current Ip, the corresponding gate-to-source voltage Vgg can be obtained 
applying either Eq. (10-8) or the plotted drain or transfer characteristics. 
Since the gate current (and, hence, the voltage drop across R,) is negligible, 
the source resistance FR, can be found as the ratio of Ves to the desired Ip. 
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OVop 


Fig. 10-23 Source self-bias circuit. 


EXAMPLE The amplifier of Fig. 10-23 utilizes an n-channel FET for which 
Vp = ~2.0 V and Joss = 1.65 mA. It is desired to bias the circuit at Zp = 
0.8 mA, using Von = 24 V. Assume rg>> Ry. Find (a) Ves, (b) gm, (c) Rs, 
(d) Ra, such that the voltage gain is at least 20 dB, with R, bypassed with a very 
large capacitance C,. 

Solution a. Using Eq. (10-8), we have 0.8 = 1.65(1 + Vos, 2.0)2. Solving, 
Ves = —0.62 V. 


b. Equation (10-17) now yields 


2Ioss _ (2)(1.65) 
Vp 2 


and from Eq. (10-16) 


= 1.65 mA/V 


Jno = 


Vos 0.62 
Ib 0.8 


= 0.77 K = 7702 


d. Since 20 dB corresponds to a voltage gain of 10, then from Eq. (10-23), 
with ra >> Ba, |Av| = gnRa > 10, or Rg > 10/1.14 = 8.76 K. 
SS eS 


Biasing against Device Variation FET manufacturers usually supply 
information on the maximum and minimum values of Ipss and Vp at room 
temperature. . They also supply data to correct these quantities for tempera- 
ture variations. The transfer characteristics for a given type of n-channel 
FET may appear as in Fig. 10-24a, where the top and bottom curves are for 
extreme values of temperature and device variation. Assume that, on the 
basis of considerations previously discussed, it is necessary to bias the device at 
a drain current which will not drift outside of Ip = Iy4 and Ip = Ip. Then 
the bias line Ves = —IpR, must intersect the transfer characteristics between 
the points A and B, as indicated in Fig. 10-24a. The slope of the bias line 
is determined by the source resistance R,. For any transfer characteristic 
between the two extremes indicated, the current Jg is such that I4 < lo < Ip, 
as desired. 
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Ip|(+) In |(+) 
Iyss » max 
ias li Bias line 
Togs, min Bias line # 
Ig Z 
Ig ly 
dy 
(+)< 0-(-) V, min Vp, max Ves Vea (+)~—0—>(-) Vox 
(@) (0) 


Fig. 10-24 Maximum and minimum transfer curves for an n-channel FET. The 
drain current must lie between I, and In. The bias line can be drawn through the 
origin for the current limits indicated in (a), but this is not possible for the currents 
specified in (b). 


Consider the situation indicated in Fig. 10-24b, where a line drawn to pass 
between points A and B does not pass through the origin. This bias line 
satisfies the equation 


Vas = Vee — InP, (10-26) 


Such a bias relationship may be obtained by adding a fixed bias to the gate 
in addition to the source self-bias, as indicated in Fig. 10-25a. A circuit 


Fig. 10-25 (a) Biasing an FET with a fixed-bias Veo in addition to 
self-bias through R,. (b) A single power-supply configuration 
which is equivalent to the circuit in (a). 
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Ip,mA 


2.0 4 


Fig. 10-26 Extreme trans- 
fer curves for the 2N3684 
field-effect transistor. 
(Courtesy of Union Car- 


bide Corporation.) 


Ves, V 


requiring only one power supply and which ean satisfy Eq. (10-26) is shown 
in Fig. 10-25. For this circuit 


= RaVop ey RiRe 
iit Ry Rit Ra 


We have assumed that the gate current is negligible. It is also possible for 
Vag to fall in the reverse-biased region so that the line in Fig. 10-24b intersects 
the axis of abscissa to the right of the origin. Under these circumstances 
two separate supply voltages must be used. 


Vee Ry 


EXAMPLE FET 2N3684 is used in the circuit of Fig. 10-250. For this n-chan- 
nel device the manufacturer specifies Vejnig = —2 V, Ve.max = ~5 V,Ipss.min = 
1.6 mA, and Joss,max = 7.05 mA. The extreme transfer curves are plotted in 
Fig. 10-26. It is desired to bias the circuit so that In,min = 0.8 mA = 74 and 
Tp, max = 1.2mA = Ty for Vop = 24 V. Find (a) Veo and R,, and (b) the range 
of possible values in Ip if Ry = 3.8 K and Vee = 0. 


Solution a. The bias line will lie between A and B, as indicated, if it is drawn to 
pass through the two points Ves = 0, Jp = 0.9 mA, and Veg = —4 V, In = 
t.1mA. The slope of this line determines R,, or 


Then, from the first point and Eq. (10-26), we find 
Vao = InR, = (0.9)(20) = 18 V 
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—Voo ~—Voo 


Fig. 10-27 (a) Drain-to- Ry 
gate bias circuit for en- 
hancement-mode MOS 


transistors; (b) improved 


D 


version of (a). 


(6) 


b. If R, = 3.3 K, we see from the curves that Join = 0.4 mA and Jom. = 
1.2mA. The minimum current is far below the specified value of 0.8 mA. 


Biasing the Enhancement MOSFET The self-bias technique of Fig. 10-23 
cannot be used to establish an operating point for the enhancement-type 
MOSFET because the voltage drop across R, is in a direction to reverse-bias 
the gate, and a forward gate bias is required. ‘The circuit of Fig. 10-27a can 
be used, and for this case we have Ves = Vons, since no current flows through 
R;. If for reasons of linearity in device operation or maximum output voltage 
it is desired that Ves * Vos, then the circuit of Fig. 10-270 is suitable. We 
note that Ves = [Ri/(Ri + Rp|Vos. Both circuits discussed here offer the 
advantages of de stabilization through the feedback introduced with Ry. 
However, the input impedance is reduced because, by Miller’s theorem (Sec. 
8-11), Ry corresponds to an equivalent resistance R; = R,/(1 — Ay) shunting 
the amplifier input. 

Finally, note that the circuit of Fig. 10-250 is often used with the enhance- 
ment MOSFET. The de stability introduced in Fig. 10-27 through the feed- 
back resistor R; is then missing, and is replaced by the de feedback through &,. 


10-9 THE FET AS A VOLTAGE-VARIABLE RESISTOR#? (VVR) 


In most linear applications of field-effect transistors the device is operated 
in the constant-current portion of its output characteristics. We now consider 
FET transistor operation in the region before pinch-off, where Vpg is small. 
In this region the FET is useful as a voltage-controlled resistor; i.e., the drain- 
to-source resistance is controlled by the bias voltage Vas. In such an applica- 
tion the FET is also referred to as a voltage-variable resistor (VVR), or voltage- 
dependent resistor (VDR). 

Figure 10-28a shows the low-level bidirectional characteristics of an FET. 
The slope of these characteristics gives rz as a function of Ves. Figure 10-284 
has been extended into the third quadrant to give an idea of device linearity 
around Vps = 0. 
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In our treatment of the junction FET characteristics in Sec. 10-3, we 
derive Eq. (10-5), which gives the drain-to-source conductance gz = Ip/Vpg 
for small values of Vps. From this equation we have 


ge = on[~ (422) «o2r) 


where gio is the value of the drain conductance when the bias is zero. Varia- 
tion of 7g with Ves is plotted in Fig. 10-285 for the 2N3277 and 2N3278 
FETs. The variation of rg with Ves can be closely approximated by the 
empirical expression 
To 


~T— KV es 


where 7, = drain resistance at zero gate bias 
K = a constant, dependent upon FET type 
Ves = gate-to-source voltage 


Ta 


(10-28) 


Applications of the VVR Since the FET operated as described above 
acts like a variable passive resistor, it finds applications in many areas where 
this property is useful. The VVR, for example, can be used to vary the voltage 
gain of a multistage amplifier A as the signal level is increased. This action 
is called automatic gain control (AGC). A typical arrangement is shown in 
Fig. 10-29. The signal is taken at a high-level point, rectified, and filtered to 
produce a de voltage proportional to the output-signal level. This voltage 
is applied to the gate of Q2, thus causing the ac resistance between the drain 
and source to change, as shown in Fig, 10-28). We thus may cause the gain 
of transistor Q1 to decrease as the output-signal level increases. The de bias 


Tp, BA rg, K 


Td 


20 }2N3277-2N3278 


°o 4020 8.0 4.0 6.0 
(a) Gs. 
Fig. 10-28 (a) FET low-level drain characteristics for 2N3278, 


(b) Small-signal FET resistance variation with applied gate voltage. 
(Courtesy of Fairchild Semiconductor Company.) 
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e Vry 


Fig. 10-29 AGC amplifier 
using the FET as a voltage- o—| 
variable resistor. 


Recuher and 
ler 


conditions of Q1 are not affected by Q2 since Q2 is isolated from Q1 by means 
of capacitor C. 


10-10 THE COMMON-SOURCE AMPLIFIER AT HIGH FREQUENCIES 


The circuits discussed in this and the following section apply equally well to 
either JFETs or MOSFETs (except for the method of biasing). The low- 
frequency analysis of Sec. 10-8 is now modified to take into account the effect 
of the internal node capacitances. 


Voltage Gain The circuit of Fig. 10-30a is the basic CS amplifier con- 
figuration. If the FET is replaced by the circuit model of Fig. 10-80, we 
obtain the network in Fig. 10-380b. The output voltage V, between D and S 
is easily found with the aid of the theorem of Sec. 8-7, namely, V, = IZ, where 
I is the short-circuit current and Z is the impedance seen between the terminals. 


—Vop 


(0) 


Fig. 10-30 (a) The common-source amplifier circuit; (b) small-signal 
equivalent circuit at high frequencies. (The biasing network is not 
indicated.) 
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To find Z, the independent generator V, is (imagined) short- circuited, so that 
VY; = 0, and hence there is no current in the dependent generator y,V;. We 
then note that Z is the parallel combination of the impedances corresponding 
to Zz, Cas, ta, and Cya. Hence 


Y= 3 =Y,+ Yatoat Yu (10-29) 


where ¥; = 1/Z, = admittance corresponding to Z, 
Yas = joCa, = admittance corresponding to Ca, 
ga = 1/rg = conductance corresponding to rq 
Yoa = joCya = admittance corresponding to Cya 
The current in the direction from D to S in a zero-resistance wire connect- 
ing the output terminals is 


; P= ~g,Vi + Vila (10-30) 
The amplification Ay with the load Z; in place is given by 
eed ee ee (10-31) 


Vi Vi VY 
or from Eqs. (10-29) and (10-30) 


— 9m + Yoa 
Yit+ Ya tgat Voa 


At low frequencies the FET capacitances can be neglected and hence 


Ay = (10-32) 


Yas = Voa = 0 
Under these conditions Eq. (10-32) reduces to 
pag NT (10-33) 


Yutge tet Zy 
where Z, = Zz||re. This equation agrees with Eq. (10-23), with 2, replaced 


Input Admittance An inspection of Fig. 10-30) reveals that the gate cir- 
cuit is not isolated from the drain circuit, but rather that they are connected 
by Coa. From Miller’s theorem (Sec. 8- 11), this admittance may be replaced 
by Y,e(1 — K) between G and S, and by Y,4(1 — 1/K) between D and S, where 
K = Ay. Hence the input admittance is given by 


Y; = Vos + QL _ Ay) Voa (10-34) 
This expression indicates that for an FET to possess negligible input admit- 


tance over a wide range of frequencies, the gate-source and gate-drain capaci- 
tances must be negligible. 


Input Capacitance (Miller Effect) Consider an FET with a drain-cireuit 
resistance Rz. From the previous discussion it follows that within the audio- 
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frequency range, the gain is given by the simple expression Ay = —gnRi, 
where Ri, is Ral|ra. In this case, Eq. (10-34) becomes 
: ¥; 
Jo = C; = Coe + (1 + OmIt4) Ca (10-35) 


This increase in input capacitance C; over the capacitance from gate to source 
is called the Muller effect. 

This input capacitance is important in the operation of cascaded ampli- 
fiers. In such a system the output from one stage is used as the input to a 
second amplifier. Hence the input impedance of the second stage acts as a 
shunt across the output of the first stage and R, is shunted by the capacitance 
C;. Since the reactance of a capacitor decreases with increasing frequencies, 
the resultant output impedance of the first stage will be correspondingly low 
for the high frequencies. This will result in a decreasing gain at the higher 
frequencies. 


EXAMPLE A MOSFET has a drain-circuit resistance Rz of 100 K and operates 
at 20 kHz. Calculate the voltage gain of this device as a single stage, and then 
as the first transistor in a cascaded amplifier consisting of two identical stages. 
The MOSFET parameters are g,, = 1.6 mA/V, ra = 44 K, C,, = 3.0 pF, Cas = 
1.0 pF, and C,g = 2.8 pF. 
Solution 
Yoo = jw. = jam X 2X 104 X 3.0 X 107? = 73.76 K 10-7 B 
Yas = joCas = 71.26 K 1078 
Voa = jwCga = j8.52 X 10778 
ga 2 = 2.27 X 10-55 
Ta 
1 
Ye=— = 10° 
d Ra 
9m = 1.60 X 10°75 
The gain of a one-stage amplifier is given by Hq. (10-32): 
Aiea —9m + Yoa —1.60 K 107? + 73.52 XK 1077 
ve Gat Yat ¥at¥oa 3.27 X 107? + 74.78 x 10-7 


It is seen that the j terms (arising from the interelectrode capacitances) are 
negligible in comparison with the real terms. If these are neglected, then Ay = 
—48.8. This value can be checked by using Eq. (10-28), which neglects inter- 
electrode capacitances. Thus 
—pRy —70 X 100 
Rata 100 + 44 
Since the gain is a real number, the input impedance consists of a capacitor 

whose value is given by Eq. (10-35): 


Ci = Coe + + gm Ri Coe = 3.0 + (1 + 49)(1.0) = 53 pF 


Ay = —48.6 = -—gaky 
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Consider now a two-stage amplifier, each stage consisting of an FET operating 
as above. The gain of the second stage is that just calculated. However, in 
calculating the gain of the first stage, it must be remembered that the input 
umpedance of the second stage acts as a shunt on the oulpul of ihe first stage. Thus 
the drain load now consists of a 100-K resistance in parallel with 53 pF. To this 
must be added the capacitance from drain to source of the first stage since this 
is also in shunt with the drain load. Furthermore, any stray capacitances due to 
wiring should be taken into account. For example, for every 1-pF capacitance 
between the leads going to the drain and gate of the second stage, 50 pF is effec- 
tively added across the load resistor of the first stage! This clearly indicates the 
importance of making connections with very short direct leads in high-frequency 
amplifiers. Let it be assumed that the input capacitance, taking into account 
the various factors just discussed, is 200 pF. Then the load admittance is 


Y.= = + jo; = 10-5 + 72m X 2X 104 x 200 x 10-12 
a 


= 1075 + 72.52 & 10-59 
The gain is given by Eq. (10-33): 


Tom —1.6 x 107-3 
geatY. 2.27 & 10-> + 10-5 + j2.52 x 1075 


= —80.7 + 723.7 = 38.8/143.3° 


Thus the effect of the capacitances has been to reduce the magnitude of the 
amplification from 48.8 to 38.8 and to change the phase angle between the output 
and input from 180 to 143.3°. 

If the frequeney were higher, the gain would be reduced still further. For 
example, this circuit would be useless as a video amplifier, say, toa few megahertz, 
since the gain would then be less than unity. This variation of gain with fre- 
quency is called frequency distortion. Cascaded amplifiers and frequency dis- 
tortion are discussed in detail in Chap. 12. 


_ Ss Oe 


Output Admittance For the common-source amplifier of Fig. 10-30 the 
output impedance is obtained by “looking into the drain” with the input 
voltage set equal to zero. If V; = 0 in lig. 10-306, we see rz, Cas, and Coa in 
parallel. Hence the output admittance with Z, considered external to the 
amplifier is given by 


Yo = gat Vas + Voa (10-36) 


10-11 THE COMMON-DRAIN AMPLIFIER AT HIGH FREQUENCIES 


The source-follower configuration is given in Fig. 10-208, with R, = 0, and 
is repeated in Fig. 10-31a. Its equivalent circuit with the FET replaced by 
its high-frequency model of Fig. 10-8b is shown in Hig. 10-310. 
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Fig. 10-31 (a) The source-follower; (b) small-signal high-frequency equiva- 
lent circuit. (The biasing network is not indicated.) 


Voltage Gain The output voltage V, can be found from the product of 
the short-circuit current and the impedance between terminals S and N. We 
now find for the voltage gain 

(Gm + joCge) Rs 
1+ (m + ga + jaCr) Re 
Cr= Coe + Cas + Con (10-38) 


where C.n represents the capacitance from source to ground. At low fre- 
quencies the gain reduces to 

+. Intis 

1 + (9m + ga) Fes 
Note that the amplification is positive and has a value less than unity. If 
Om, > 1, then Avy ~ gm/(gm + ga) = u/(u + 1). 


Ay 


(10-37) 


Ay (10-39) 


Input Admittance The source follower offers the important advantage of 
lower input capacitance than the CS amplifier. The input admittance Y; is 
obtained by applying Miller’s theorem to C,.. We find 


Vy a jJoC ra + joCge(1 = Ay) oe Jol ga (10-40) 


because Ay ~ l. 


Output Admittance The output admittance Y,, with R, considered 
exterual to the amplifier, is given by 
Ve = 9m + Ga se joCr (10-41) 
where Cr is given by Eq. (10-388). At low frequencies the output resistance 
R, is 
1 1 
= a 10-42 
9m + Ga Gm ( ) 
since gm >> ga. For gm = 2mA/V, then R, = 500 Q. 


iz 
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The source follower is used for the same applications as the emitter 


follower, those requiring high input impedance and low output impedance. 
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REVIEW QUESTIONS 


10-1 (a) Sketch the basic structure of an n-channel junction field-effect transistor. 


(6) Show the circuit symbol for the JFET. 
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10-2 (a) Draw a family of CS drain characteristics of an n-channel JFET. 
(6) Explain the shape of these curves qualitatively. 

10-3 How does the FET behave (a) for small values of |Vps{? (6) For large 
|Vos|? 

10-4 (a) Define the pinch-off voltage Vp. (b) Sketch the depletion region before 
and after pinch-off. 

10-5 Sketch the geometry of a JFET in integrated form. 

10-6 (a) How does the drain current vary with gate voltage in the saturation 
region? (b) How does the transconductance vary with drain current? 

10-7 Define (a) transconductance gn, (b) drain resistance rg, and (c) amplification 
foctor » of an FET. 

10-8 Give the order of magnitude of gn, ra, and » fora MOSFET. 

10-9 Show the small-signal model of an FET (a) at low frequencies and (6) at 
high frequencies. 

10-10 (a) Sketch the cross section of a p-channel enhancement MOSFET. 
(6) Show two circuit symbols for this MOSFET. 

10-11 For the MOSFET in Rev. 10-10 draw (a) the drain characteristics and 
(6) the transfer curve. 

10-12 Repeat Rev. 10-10 for an n-channel depletion MOSFET. 

10-13 (a) Draw the circuit of a MOSFET not circuit. (6) Explain how it func 
tions as an inverter. 

10-14 (a) Explain how a MOSFET is used as a load. (b) Obtain the volt- 
ampere characteristic of this load graphically. 

10-15 Sketch a two-input NAND gate and verify that it satisfies the Boolean NAND 
equation. 

10-16 Repeat Rev. 10-15 for a two-input Nor gate. 

10-17 Sketch a CMOS inverter and explain its operation. 

10-18 (a) Draw the circuit of an FET amplifier with a source resistance R, and 
a drain resistance Ry. (6) What is the Thévenin’s equivalent circuit looking into the 
drain at low frequencies? 

10-19 Repeat Rev. 10-18 looking into the source. 

10-20 (a) Sketch the circuit of 2 source-follower: At low frequencies what is 
(b) the maximum value of the voltage gain? (c) The order of magnitude of the out- 
put impedance? 

10-21 (a) Sketch the circuit of a CS amplifier. (6) Derive the expression for 
the voltage gain at low frequencies. (c) What is the maximum value of Ay? 

10-22 (a) Draw two biasing circuits for a JFET or a depletion-type MOSFET. 
(b) Explain under what circumstances each of these two arrangements should be used. 

10-23 Draw two biasing circuits for an enhancement-type MOSFET. 

10-24 (a) How is an FET used as a voltage-variable resistance? (b) Explain. 

10-25 (a) Sketch the small-signal high-frequency circuit of a CS amplifier. 
(6) Derive the expression for the voltage gain. ; 

10-26 (a) From the circuit of Rev. 10-25, derive the input admittance. (bd) 
What is the expression for the input capacitance in the audio range? 

10-27 What specific capacitance has the greatest effect on the high-frequency 
response of a cascade of FE'T amplifiers? Explain. 

10-28 Repeat Rev. 10-25 for a source-follower circuit. 

10-29 Repeat Rev. 10-26 for a CD amplifier. 


THE TRANSISTOR AT 
HIGH FREQUENCIES 


At low frequencies it is assumed that the transistor responds instantly 
to changes of input voltage or current. Actually, such is not the case, 
because the mechanism of the transport of charge carriers from emitter 
to collector is essentially one of diffusion. Hence, to find out how the 
transistor behaves at high frequencies, it is necessary to examine this 
diffusion mechanism in more detail. Such an analysis! is complicated, 
and the resulting equations are suggestive of those encountered in con- 
nection with a lossy transmission line. A model based upon the trans- 
mission-line equations would be quite accurate, but unfortunately, the 
resulting equivalent circuit is too complicated to be of practical use. 
Hence it is necessary to make approximations. Of course, the cruder 
the approximation, the simpler the circuit becomes. The hybrid-pi 
model developed in this chapter gives a reasonable compromise 
between accuracy and simplicity. Using this model, a detailed analy- 
sis of a single-stage CE transistor amplifier is made. 


11-1 THE HYBRID-PI (11) COMMON-EMITTER 
TRANSISTOR MODEL? 


In Chap. 8 it is emphasized that the common-emitter circuit is the most 
important practical configuration. Hence we now seek a CE model 
which will be valid at high frequencies. Such a circuit, called the 
hybrid-Il, or Gracoletio, model, is indicated in Fig. 11-1. Analyses of 
circuits using this model are not too difficult and give results which are 
in excellent agreement with experiment, at all frequencies for which the 
transistor gives reasonable amplification. Iurthermore, the resistive 
components in this circuit can be obtained from the low-frequency h 
parameters. All parameters (resistances and capacitances) in the 
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Fig. 11-1 The hybrid-II a e 
model for a transistor 
in the CE configuration. 
8m Voie 
o— ro) 
£ E 


model are assumed to be independent of frequency. They may vary with the 
quiescent operating point, but under given bias conditions are reasonably 
constant for small-signal swings. 


Discussion of Circuit Components The internal node B’ is not physically 
accessible. The ohmic base-spreading resistance ry, is represented as a lumped 
parameter between the external base terminal and B’. 

For small changes in the voltage Vs. across the emitter junction, the 
excess-minority-carrier concentration injected into the base is proportional to 
Vy, and therefore the resulting small-signal collector current, with the collector 
shorted to the emitter, is proportional to Vie. This effect accounts for the 
current generator gm Vo. in Fig. 11-1. 

The increase in minority carriers in the base results in increased recom- 
bination base current, and this effect is taken into account by inserting a 
conductance g-. between B’ and FE. The excess-minority-carrier storage in 
the base is accounted for by the diffusion capacitance C, connected between 
B' and E. 

The Early effect (Sec. 5-5) indicates that the varying voltage across the 
collector-to-emitter junction results in base-width modulation. A change in 
the effective base width causes the emitter (and hence collector) current to 
change because the slope of the minority-carrier distribution in the base 
changes. This feedback effect between output and input is taken into account 
by connecting ge, between B’ and C. The conductance between C and Eis GJee- 

Finally, the collector-junction barrier capacitance is included in C,. Some- 
times it is necessary to split the collector-barrier capacitance in two parts 
and connect one capacitance between C and B’ and another between C and B. 
The last component is known as the overlap-diode capacitance. 


Hybrid-II Parameter Values Typical magnitudes for the elements of 
the hybrid-II model at room temperature and for Ig = 1.3 mA are 


gm = 50 mA/V Tw = 100 2 Teo = 1K Tee = 4M 
Tec = 80 K C, = 3 pF C. = 100 pF 


It 


That these values are taken as reasonable is justified in the following section. 
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11-2 HYBRID-IT CONDUCTANCES 


We now demonstrate that all the resistive components in the hybrid-II model 
can be obtained from the h parameters in the CE configuration. 


Transistor Transconductance g,, Figure 11-2 shows a p-n-p transistor 
in the CE configuration with the collector shorted to the emitter for time-vary- 
ing signals. In the active region the collector current is given by Eq. (5-3), 
repeated here for convenience, with ay = ao: 

Ie = Ico — oolz 
Since the short-circuit current in Fig, 11-1 is gnVs-e, the transconductance gm 
is defined by 
ole Olz Oleg 


= aye 


== 7 11-1 
OVeve|ves OV ava ey) 
In the above we have assumed that ay is independent of Vz. For a p-n-p 
transistor, Vz = —Vs-z, asshownin Fig, 11-2. Ifthe emitter diode resistance 


is ,, then r, = 0Vz/dlz, and hence 
gn = — (11-2) 


The dynamic resistance of a forward-biased diode is given in Eq. (8-14) as 
Vr/Iz,t where Vr = &T/gq, and hence 


_ alr _ Ico — Ic : 
In = Vr — Vr (11-3) 
For a p-n-p transistor I¢ is negative. For an n-p-n transistor Ic 1s positive, 
but the foregoing analysis (with Vg = +Vz-z) leads to gm = (Ie: — Ico)/ Vr. 
Hence, for either type of transistor, gm is positive. Since |Je| >> |Ico|, then 
gm is given by 


~ Hel 
Gm > Vr (11-4) 


; Vee Fig. 11-2 Pertaining to the derivation of gn. 


Bo 


+ Since the recombination current in the emitter space-charge region does not reach 
the collector, the factor » in Eq. (3-14) is taken as unity in the calculation of gm. 
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Fig. 11-3. (a) The hybrid-II model ° = 6 
at low frequencies; (b) the h-param- a (a) E 
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where, from Eq. (2-38), Vr = 7/11,600. Note that g,, is directly proportional 
to current and inversely proportional to temperature. At room temperature 


_ |Ze|(mA) 
a a (11-5) 
For Ig = 1.8 mA, gm = 0.058 = 50mA/V. For Ie = 10mA, gn ~ 400 mA/V. 
These values are much larger than the transconductances obtained with FETs. 


The Input Conductance gy, In Fig. 11-3a we show the hybrid-r model 
valid at low frequencies, where all capacitances are negligible. Figure 11-3b 
represents the same transistor, using the h-parameter equivalent circuit. 

From the component values given in Sec. 11-1, we see that rae >> rove. 
Hence J; flows into m. and Vy. = Turse. The short-circuit collector current 
is given by 


I, = Gm Vere bog Jm1 7b’ 


The short-circuit current gain hy. is defined by 


I, 
hye = Th Vor = Gm dre 
or 
Nge _ hteVr Ym 
<== r 76 = > 11-6 
eS ral 0 Gwe = 5 (11-6) 


Note that, over the range of currents for which hy. remains fairly constant, 
Tore ts directly proportional to temperature and inversely proportional to current. 
Observe in Fig. 8-8a that at both very low and very high currents, h,, decreases. 
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The Feedback Conductance g, With the input open-circuited, h,. is 
defined as the reverse voltage gain, or from Fig. 11-3a with I, = 0, 


Vite Tre ; 
Ire = Vee = Tore + TV’ (11-7) 
or 
Tere(1 = Rre) = Drol"e 
Since hr. K 1, then to a good approximation 
Tore = Peel ore or Goro = NreQo'e (11-8) 


Since hye = 10-4, Eq. (11-8) verifies that ry-c >> Tore. 


The Base-spreading Resistance r5- The input resistance with the out- 
put shorted is hi. Under these conditions ry, is in parallel with ry,. Using 
Eq. (11-8), we have ryre||te 72, and hence 

hie = Toy + Tore (11-9) 
or 

Top = hie — Thre (11-10) 
Incidentallz, note from Eqs. (11-6) and (11-9) that the short-circuit input 
impedance hie varies with current and temperature in the following manner: 
hyeVr _ hyeVer 


hie = Toy + Zeke el 


(11-11) 


The Output Conductance g.. With the input open-circuited, this con- 
ductance is defined ash... For J, = 0, we have 
Vee Vee 
Tee Yore + Tore 


With Jp = 0, we have, from Eg. (11-7), Vore = ArcVee, and from Eq. 
(11-12), we find 


I, = 


+ ImVire (11-12) 


hoe 


== + Gnltre (11-13) 


where we made use of the fact that ry, > 1.. If we substitute Eqs. (11-6) 
and (11-8) in Eq. (11-13), we have 


Nos = Wee + Joe + Jo' che a 
or 

Joa = Poe — (1 + hye) gare (11-14) 
If hye > 1, this equation may be put in the form [using Eq. (11-8)] 


Jee * Roe a Inlire (11-15) 
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Summary If the CE A parameters at low frequencies are known at a 
given collector current Ic, the conductances or resistances in the hybrid-II 
circuit are calculable from the following five equations in the order given: 


re [Zc| 
im Vr 
hye — hpeVr Ym 

te, = =| or ia 

"Gm (Tel OTs, 
Te = hie — Toe (11-16) 
Peal ne _ lire 

Oe ha. Qo'c Tre 


1 

Gce = Noe a (1 + hye) Joe = a 

For the typical h parameters in Table 8-2, at Ig = 1.8 mA and room tempera- 
ture, we obtain the component values listed on page 349. 


11-3 THE HYBRID-IT_ CAPACITANCES 


The hybrid-7 model for a transistor as shown in Fig. 11-1 includes two capaci- 
tances. The collector-junction capacitance C. = Cy, is the measured CB 
output capacitance with the input open (Jz = 0), and is usually specified by 
manufacturers as Cs. Since in the active region the collector junction is 
reverse-biased, then C, is the transition capacitance and varies as Vex—", where 
nis 3 or 3 for an abrupt or graded junction, respectively. 

The capacitance C, represents the sum of the emitter diffusion capacitance 
Cy, and the emitter junction capacitance Cz.. For a forward-biased emitter 
junction, Cp, is usually much larger than Cr, and hence 


C. = Coe + Cr, = Coe (11-17) 


We shall now show that Cp, is proportional to the emitter bias current Jz 
and is almost independent of temperature. 


The Diffusion Capacitance Refer to Fig. 11-4, which represents the 
injected hole concentration vs. distance in the base region of a p-n~p transistor. 
The base width W is assumed to be small compared with the diffusion length 
Lp of the minority carriers. Since the collector is reverse-biased, the injected 
charge concentration p’ at the collector junction is essentially zero. If 
W «Lz, then p’ varies almost linearly from the value »’(0) at the emitter 
to zero at the collector, as indicated in Fig. 11-4. The stored base charge 
Qs is the average concentration p’(0),/2 times the volume of the base WA 
(where A is the base cross-sectional area) times the electronic charge q; that is, 


Qn = $p'O0) AWG (11-18) 
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Emitter Collector 
p’(0) Fig. 11-4 Minority-carrier charge distribution in the 
base region. 
@, 
x x 
x=0 x=W 


oo —AgDs # = dep, (11-19) 


where Dz is the diffusion constant for minority carriers in the base. Com- 
bining Eqs. (11-18) and (11-19), 


LW? 


Qs = op, (11-20) 


The static emitter diffusion capacitance Cp, is given by the rate of change of 
Qe with respect to emitter voltage V, or 
qdQ@es_ W? dl_ Wi 

Coe i 


dV 2DgdV 2Dar. 


(11-21) 


where r, = dV/dl = Vr/Iz is the emitter-junction incremental resistance. 


Wlg Ww? 


Coo = 37,9, ~ "2D, 


(11-22) 


which indicates that ihe diffuston capacitance is proportional to the emitter bias 
current Ig. From the Einstein relationship D = wV7 [Eq. (2-37)] and the 
discussion in Sec. 2-5, it follows that the diffusion constant D varies as T-™ 
over a temperature range of 100 to 400°K. For silicon, m = 1.5 (1.7) for 
electrons (holes), and for germanium, m = 0.66 (1.33) for electrons (holes). 
Thus Coz varies as T—*, where for silicon n = +0.5 (+0.7) for electrons (holes) 
and for germanium n = —0.34 (+0.33) for electrons (holes). / 

ft is pointed out in Sec. 3-9 that the dynamic capacitance of a diode differs 
from the static capacitance (by a factor of 2). Proceeding as in Sec. 19-12, 
it can be shown that for a transistor the capacitance for a sinusoidal input 
equals two-thirds the static capacitance given in Eq. (11-21). 

Experimentally, C, is determined from a measurement of fr, the frequency 
at which the CE short-circuit current gain drops to unity. We verify in 
Sec. 11-6 that 


mn Gm . = 
Com oe (11-23) 
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11-4 VALIDITY OF HYBRID-IT MODEL?-4 


In the derivation of Eqs. (11-1) and (11-21) for gm and C, we have assumed that 
Vaz changes slowly enough so that the minority-carrier charge distribution 
in the base region is always triangular, as shown in Fig. 11-4. If the distribu- 
tion remains triangular under varying Ves, then the slope at z = 0 is the 
same as at = w, and hence the emitter and collector currents are equal. 
Consequently, the hybrid-r model is valid under dynamic conditions when the 
rate of change of Vgz is small enough so that the base incremental current J; 
is small compared with the collector incremental current J,. Giacolletto,? in 
his original paper on the hybrid-w equivalent circuit, has shown that the net- 
work elements of Fig. 11-1 are frequency-independent provided that 


ef «1 (11-24) 


From Eqs. (11-22) and (11-23) we have 
Ww? Ce 1 


6Ds 39m Oxfy 
Thus Eq. (11-24) becomes 


f<— Saf z 


= 3fr (11-25) 
It follows that the hybrid-r model is valid for frequencies up to approxi- 
mately fr,'3 


11-5 VARIATION OF HYBRID-II PARAMETERS! 


In the preceding two sections we have derived expressions for the hybrid-r 
conductances and capacitances in terms of the low-frequency h parameters 
and other transistor parameters, such as the base width or the diffusion con- 
stant for minority carriers in the base. 

Table 11-1 summarizes the dependence of gm, Toe, Tes, Ce, Ce, Rye, and Rig 
on the collector current magnitude |J¢j, the collector-to-emitter voltage mag- 
nitude |Vcx|, and the temperature. The conclusions in the table are based on 
Eqs. (11-16), (11-17), and (11-22). We must also recall that increasing |Vcr| 
decreases the effective base width (Fig. 5-8). The dependence of 7 on |Ze| 
and temperature requires some explanation. The decrease of rm with |Z] is 
due to conductivity modulation of the base with increasing collector current. 
On thd contrary, 7 increases with increasing temperature because the mobility 
of majority and minority carriers decreases, and this results in reduced con- 
ductivity. The increase of hy, with temperature has been determined experi- 
mentally, whereas the increase with |V¢g| is due to the decrease of the base 
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width and the reduction in recombination which increases the transistor alpha 
(Sec. 5-6). 

No entry in Table 11-1 means that the particular dependence varies with 
the absolute value of |Z¢|, |Wcz|, or 7 in a complicated fashion. 


TABLE 11-1 Dependence of parameters upon current, 
voltage, and temperature 
Variation with increasing: 

Parameter |Tol \Vex| T 

Gun |Zcl Independent 1/T 

Tobe Decreases Increases 

Tore i/|Ie| Increases Increases 

Cy \Tc] Decreases 

Cy Independent Decreases Independent 

Nye See Fig. 8-8 Increases Increases 

Nia 1/|Tel Increases Increases 
11-6 THE CE SHORT-CIRCUIT CURRENT GAIN 


Consider a single-stage CE transistor amplifier, or the last stage of a cascade. 
The load Rz, on this stage is the collector-circuit resistor, so that R. = Rr. 
In this section we assume that R, = 0, whereas the circuit with Rr ~ 0 is 
analyzed in the next section. To obtain the frequency response (the gain as a 
function of frequency) of the transistor amplifier, we use the hybrid-II model 
of Fig. 11-1, which is repeated for convenience in Fig. 11-5. Representative 
values of the circuit components are specified on page 349 for a transistor 
intended for use at high frequencies. We use these values as a guide in making 
simplifying assumptions. 

The approximate equivalent cireuit from which to calculate the short- 


Bo'c 
B Top B i (a 
WN it 
+ [* C. t, | - 
Vie 8b'e cC. T Vo'e Bee EnVo'e R, Veo 
E = E 


Fig. 11-5 The hybrid-II circuit for a single transistor with a 
resistive load Fr. 
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Fig. 11-6 Approximate equivalent 
circuit for the calculation of the 
short-circuit CE current gain. 


circuit current gain is shown in Fig. 11-6. A current source furnishes a 
sinusoidal input current of magnitude J,, and the load current is I, We have 
neglected gy, which should appear across terminals B’C, because gee K gure. 
And of course g.- disappears, because it is in shunt with a short circuit. An 
additional approximation is involved, in that we have neglected the current 
delivered directly to the output through g,, and C,. We see shortly that this 
approximation is justified. 


The load current is 7, = —9mVore, where 
Wee di (11-26) 
v* que + jal. + C2) 
The current amplification under short-circuited conditions is 
ry Yn 
A; = = : 1-2 
ih gee gare.) meee 
Using the results given in Eqs. (11-16), we have 
—hye Nye 
Ai = — A = 4a j1-28 
Tid =|!" oe Oey 
where 
te Jore 1 Ym (11-29) 


~ Br(C. + C.) hye D(C, + C) 


At f = fs, | Ail is equal to 1/2 = 0.707 of its low-frequency value hy.. The 
frequency range up to fy is referred to as the bandwidth of the circuit. Note 
that the value of A; at w = Ois —hy., in agreement with the definition of —hye 
as the low-frequency short-circuit CE current gain. 


The Parameter fr We now introduce fr, which is defined as the frequency 
at which the short-circuit common-emitter current gain attains unit magnitude, 
Since hy. >> 1, we have, from Eqs. (11-28) and (11-29), that fr is given by 


~ ps Im ~ Gm = 
fr = hsefe 2n(C. + C.) IC, C130) 
since C,>> C,. Hence, from Eq. (11-28), 
Pe Thy (11-31) 


“T+ ihiS/Fr) 
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fr, MHz 

Ver=5V 
400 - T= 25°C 
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Fig. 11-7 Variation of fr with col- 
200 b lector current. : 
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Ic (log scale), mA 


The parameter fr is an important high-frequency characteristic of a transistor. 
Like other transistor parameters, its value depends on the operating conditions 
of the device. Typically, the dependence of fy on collector current is as 
shown in Fig. 11-7. 

Since fr ~ hyefg, this parameter may be given a second interpretation. 
It represents the short-circuit current-gain-bandwidih product; that is, for the CE 
configuration with the output shorted, jr is the product of the low-frequency 
current gain and the upper 3-dB frequency. For our typical transistor (page 
349), fr = 80 MHz and fe = 1.6 MHz. It is to be noted from Eq. (11-30) 
that there is a sense in which gain may be saerificed for bandwidth, and vice 
versa. Thus, if two transistors are available with equal fr, the transistor 
with lower h,. will have a correspondingly larger bandwidth. 

In Fig. 11-8, A; expressed in decibels (i.e., 20 log |A,|) is plotted against 


A; (dB) = 20log|A;| 
i (dB) as 


20 log Hye 


6dB/octave = 20dB/decade 


Sep SS Oo ee ey 


log f, log fr log f 


Fig. 11-8 The short-circuit CE current gain vs. frequency (plotted on 
a log-log scale). 
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frequency on a logarithmic frequency scale. Whenf < fg, A; ~ —hye, and A; 
(dB) approaches asymptotically the horizontal line A; (dB) = 20 log hye. 
When f > fe, |As| © hyefa/f = Sr/f, so that A; (dB) = 20 log fr — 20 log. 
Accordingly, 4; (dB) = 0dB at f = fp. And for f > fs, the plot approaches 
as an asymptote a straight line passing through the point (fr, 0) and having 
a slope which causes a decrease in A; (dB) of 6 dB per octave (fis multiplied 
by a factor of 2, and 20 log 2 = 6 dB), or 20 dB per decade. The intersection 
of the two asymptotes oceurs at the “corner” frequency f = fe, where A; is 
down by 83dB. Hence fy is also called the 3-dB frequency. 

Earlier, we neglected the current delivered directly to the output through 
gv, and C,. Now we may see that this approximation is justified. . Consider, 
say, the current through C,. The magnitude of this current is wC.Vs., 
whereas the current due to the controlled generator is gmVsro. The ratio of 
currents is wCc/gm. At the highest frequency of interest fr, we have, from 
Eq. (11-30), using the typical values from page 349, 


wl, _ WfrC, _ Ce 


= = 0.03 
Gm Ym C. + C. 0 


In a similar way the current delivered to the output through gy, may be shown 
to be negligible. 


Measurement of fp The frequency fr is often inconveniently high to 
allow a direct experimental determination of fr. However, a procédure is 
available which allows a measurement of fp at an appreciably lower frequency. 
We note from Eq. (11-28) that, for f > fs, we may neglect the unity in the 
denominator and write |Ai|f = Ayofa = fr from Eq. (11-30). Accordingly, at 
some particular frequency fi (say, f1 is five or ten times fg), we measure the gain 
|Aal. The parameter fr may be calculated now from fr = fi|Aal. In the 
case of our typical transistor, for which fy = 80 MHz and fs = 1.6 MHz, the 
frequency f; may be fi: = 5 X 1.6 = 8.0 MHz, a much more convenient fre- 
quency than 80 MHz. 

The experimentally determined value of fp is used to calculate the value 
of C. in the hybrid-H circuit. From Eq. (11-30) 


mare oe i 
Cr Date (11-82) 


11-7 CURRENT GAIN WITH RESISTIVE LOAD 


To minimize the complications which result when the load resistor Ry in Fig. 
11-5 is not zero, we find it convenient to deal with the parallel combination 
of gy, and C,, using Miller’s theorem of Sec. 8-11. We identify Vs. with Vi 
in Fig. 8-17 and V.. with V2. On this basis the cireuit of Fig. 11-5 may be 
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Fig. 11-9 (a) Approximate equivalent circuit for calculation of response of a 
transistor amplifier stage with a resistive load; (6) further simplification of the 
equivalent circuit. 


replaced by the circuit of Fig. 11-9a@. Hence K = Vee/Vore. This cireuit is 
still rather complicated because it has two independent time constants, one 
associated with the input circuit and one associated with the output. We 
now show that in a practical situation the output time constant is negligible 
in comparison with the input time constant, and may be ignored. Let us 
therefore delete the output capacitance C,(K — 1)/K, consider the resultant 
circuit, and then show that the reintroduction of the output capacitance makes 
no significant change in the performance of the circuit. We assume here that 
K is independent of frequency. 

Since K = V,./Vs-. is (approximately) the voltage gain, we normally have 
|K|>>1. Hence ge(K —1)/K ~ gy. Since gee K geo (tee * 4 M and 
Tce ~~ 80 KX), we may omit g», from Fig. 11-92. In a wideband amplifier, 
R, seldom exceeds 2K. The conductance g,, may be neglected compared with 
Rz, and the output circuit consists of the current generator gmVs. feeding 
the load Fz, as indicated in Fig. 11-9d. Even if the above approximations 
were not valid for some particular transistor or load, the analysis to follow 
is still valid provided that Ry, is interpreted as the parallel combination of 
the collector-circuit resistor, 7< and rs-,. 

By inspection of Fig. 11-93, K = Va'Vere = ~—GnRz. Vor gm = 50 mA/V 
and Ry, = 2,000 2, K = —100. For this maximum value of K, conductance 
go (1 — K) = 0.025 mA/V is negligible compared with gy. ~ 1mA/V. Hence 
the circuit of Vig. 11-9a is reduced to that shown in Fig. 11-9b. The load 
resistance Hf, has been restricted to a maximum value of 2 K because, at 
values of R, much above 2,000 2, the capacitance C.(1 + gmiz) becomes 
excessively large and the bandpass correspondingly small. 
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Now let us return to the capacitance C,(K — 1)'K = C,, which we 
neglected above. lor R, = 2,000 Q, 


RiC, = 2X 10? 3 X 10-” = 6 X 10-9s = 6B ns 
The input time constant is 
TrdC. + Co(1 + gmRz)] = 108100 + 3 & 101)10-2 s = 403 ns 


It is therefore apparent that the bandpass of the amplifier will be determined 
by the time constant of the input circuit and that, in the useful frequency 
range of the stage, the capacitance C, will not make itself felt in the output 
circuit. Of course, if the transistor works into a highly capacitive load, this 
capacitance will have to be taken into account, and it then might happen 
that the output time constant will predominate. 

The cireuit of Fig. 11-9b is different from the circuit of Tig. 11-6 only 
in that a load R, has been included and C, has been augmented by gmfiCy. 
To the accuracy of our approximations, the low-frequency current gain Ay, 
under load is equal to (—Ay.) the low-frequency gain A; with output shorted. 
However, the 3-dB frequency is now fy (rather than Ja), where 


a! 1 & Gore 2 
Su — ery co = on (11 33) 
where 
C= C, + CoA + Quiet) (11-34) 


Therefore Az is given by Eq. (11-28), and fe replaced by fur. 


11-8 SINGLE-STAGE CE TRANSISTOR AMPLIFIER RESPONSE 


In the preceding sections we assume that the transistor is driven from an ideal 
current source, that is, a source of infinite resistance. We now remove this 
restriction and consider that the source V, has a finite resistance R,. The 
equivalent circuit from which to obtain the response is shown in Fig. 11-10. 
This circuit is obtained from Fig, 11-5 by adding V, in series with R, between 
B and E and by omitting re = 1, gce and ree = 1/ge., since they are much 
greater than Ry. 


The Transfer Function We wish to calculate the transfer function V/V, 
as a function of the complex-frequency (or Laplace transform) variable s. 
Introducing Ri = R. + re = 1/G, and noting that the admittance of a 
capacitance C’ is sC, we obtain the following KCL equations at nodes B’ and C, 
respectively (the so-called nodal equations): 


Gia = [GI + gure + 8(Co + C.)] Vive — 8CeV 0 (11-35) 
0 = (Gm — 8C.) Vive + Gh + ace) V, (11-36) 
zL 
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R, B Typ B c 
\ A+ 
(50 2) (100 2) (3 pF) 
+ Cc. R, 
"ve am . (2 K) V, 
= (1K) ae 
Em Voie 
o \— 
E 


Fig. 11-10 Equivalent circuit for frequency analysis of CE amplifier stage 
driven from a voltage source. 


Solving Eqs. (11-35) and (11-86), we find 


Vo —GUR1(gm — 8Ce) 
Y, 20.0. Rr + 3[C. + C, + CR Gm + Gore + GD] + G, + Go'e 
(11-37) 
The above equation is of the form 
dps ees sae we) (11-38) 


V,  (s — si)(s — 82) 


We thus see that the transfer function of the single CE transistor at high 
frequencies has one zero 8 = gm,’C, and two poles s; and se. These poles are 
calculated by finding the roots of the denominator of Eq. (11-37). Also from 
this equation it follows that Ki = GjRiC./C.C.Ri = G,/C.. 

For the numerical values indicated in Fig. 11-10 and with gn = 50 mA/V, 
we find 


K, = 6.67 X 10° So = 1.67 X 10° rad/s 
$1 = —1.75 X 10’ rad/s Se = —7.30 X 10° rad/s 


The magnitude and the phase of the transfer function [obtained from Eq. 
(11-37) with s = jw = j2af] are plotted in Fig. 11-11. The 3-dB frequency is 
found to be 2.8 MHz. 


Approximate Analysis We can obtain a very simple approximate expres- 
sion for the transfer function by applying Miller’s theorem to the circuit of 
Fig. 11-10. Proceeding asin See. 11-7, we obtain the circuit of Fig. 11-12, with 
K =V,./Vo.. Since |K| > 1, the output capacitance is C, and the output 
time constant is C,R, = 6 ns, asin Sec. 11-7. Negleeting C,, it follows that 
K = —g,R, and the-input capacitance is 


C=C,+C.(1 + gmx) = 100 + (3)(10L) = 403 pF (11-39) 
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f, MHz 


Fig. 11-11 Magnitude in decibels and phase response for 
two-pole and single-pole transfer functions. 


The input-loop resistance is 


1 1 
Go+ ge. 1/150 + 1/1,000 


and the input time constant is (180) (403) ps = 53ns. Since this time constant 
is almost eight times as large as the output time constant, we assume, as in 
Sec. 11-7, that the bandpass of the amplifier is determined by the input time 


R= Rillrve = 1302 (11-40) 


constant alone. Neglecting the output time constant and using K = —g,R2, 
the transfer function obtained from Fig. 11-12 is 
Vo — gmbh iat 
Ay. = ene (11-41) 


Ve Git gue +8 
which is of the form 


Ks 
= -42 
Ay, = (11-42) 


and therefore is a one-pole approximation for the transfer function. The 
pole is given by s = 81, where 


G + Jore =e —-1 


81 C RC (11-43) 


or 
—1 


7 
81 = Gag) GOR K 10-3) = 1-80 X 107 rad/s 
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R, = R, + ry B 


(150 Q) 


Fig. 11-12 The equivalent circuit of the CE amplifier stage, using the Miller 
effect. . 


To find the frequency response, let s = j2xf, and Eq. (11-42) becomes 


_ Ke _ —-K, I 

ae jaf—s s 1 — j2af/s; (11-44) 

The magnitude of voltage gain as a function of frequency is 
RK; 1 

Aig |S: 2 eae . 

| v | 81 [l + (nf /sy)}t (AL 45) 
and the phase lead angle is 

6; = —z — arctan eI (11-46) 


The phase angle —z results from the fact that both Ks and s; are negative, 
and hence that — K.2/si is negative. 

The upper 3-dB frequency fx occurs when the gain drops to 1/+/2 of 
its low-frequency value. Hence 


ln] _ 1 _ 1,90 x 107 
Qn RO On 


fa Hz = 3.0 MHz (11-47) 
Note that the upper 3-dB frequency of a single-pole circuit is given by 1/ (2x7), 
where r ts the time constant of the circuit. The magnitude and phase as given 
by Eq, (11-44) are plotted in Fig. 11-11.. A comparison of the two-pole with 
the one-pole curves shows that the value obtained with the more exact two- 
pole model is fy = 2.8 MHz. The error in the single-pole value of 3.0 MHz 
is about 7 percent, and hence it is not necessary to use the more complicated 
two-pole solution. 


The Miller Input Impedance® In the Miller capacitance C we used the 
low-frequency value of |K| = gnfr. Since this is the maximum value of K, 
too large a value of C is used, and we should expect to obtain too small a value 
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of fz. However, as noted above, the single-pole approximation gives too large 
a value of fe (3.0 MHz instead of the correct value of 2.8 MHz), This apparent 
anomaly is resolved if we take into account the frequency dependence of K in 
calculating the input admittance Y; From Fig. 11-12 


Yue = Yi = jolCe + C.(1 — K)] (11-48) 


Since |K| >> 1 even at the 3-dB frequency, the output circuit consists of a 
capacitor C, in parallel with Rz. Hence 


a Ve 9m —gnRr 


Vee joC, +1/R, 1 +j0C.Rp (11-49) 
and 
-=j InRr 
Vem jaf C+ c.(1+qqft ey] ado) 


If we consider the input to consist of a capacitor C; in parallel with a resistor 
R;, then 


Y, = joC; + = (11-51) 
From Eq. (11-50) it follows that 
mie Ce 
C= G+ C+ 74 aaa (11-52) 
and 
1 1 
Ri a ( + wORA) (11-53) 


At the frequency fy = 3.0 X 105 Hz, 
wr? = [(2r)(3 X 109) (3 XK 10-7)(2 & 108)]? = 0.0128 


Hence, for 0 <f < fu, C; remains essentially constant at its zero frequency 
value of C= C,+C.(1 + gmfx), whereas R; decreases from infinity to 
[1,'(50 X 10-*)](1 + 1/0.0128) = 1,590 & This value is comparable with 
Tye = 1,000 ©, and hence the Miller input resistance reduces the value of 
Vye/V., and hence also V./Vs. This explains why the bandwidth obtained 
with the two-pole exact transfer function is more conservative (smaller by 
approximately 7 percent, as seen from Fig. 11-11) than the value obtained 
from the single-pole approximation. For most applications the approximate 
single-pole transfer function is sufficiently accurate for bandwidth calculations. 


11-9 THE GAIN-BANDWIDTH PRODUCT 


Using the approximate single-pole transfer function obtained from Fig. 11-9) 
(with &, + ry added to the input circuit), it is found in Prob. 11-17 that 
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the gain-bandwidth product for voltage and current is, respectively, 


Gm Ri me via Ri 
2nC Re + te = 1 + QnfrC Ry Ry + tw 
oe es. 1 

1+ 2nfrC Rr Rs + ty 


|Aveotn| = 
(11-54) 
\Areofn| 


The quantities fz, Areo, and Aye, which characterize the transistor stage, 
depend on both Ry and R,. The form of this dependence, as well as the order 
of magnitude of these quantities, may be seen in Fig. 11-13. Herefy has been 
plotted as a function of Rr, up to Ry = 2,000 Q, for several values of R,. The 
topmost fy curve in Fig. 11-13 for R, = 0 corresponds to ideal-voltage-source 
drive. The voltage gain ranges from zero at Ry = 0 to 90.9 at Ry = 2,000 2. 
Note that a source impedance of only 100 & reduces the bandwidth by a 
factor of about 1.8. The bottom curve has R, = © and corresponds to the 
ideal current source. The voltage gain is zero for all Rrif RR. = ©. For any 
Ry, the bandwidth is highest for lowest R, The voltage-gain—-bandwidth 


hp MHz 
16 
lAveofa|: MHz 
300 12 
lAvsof rl 
R, = 500 
200 8 
R,=0 
500 lA ys0| 

90.9 
100 4 

1000 87.0 

2500 83.3 

R, =e TA 

oO 
oO 0 
0 6500 1,000 1,500 2,000 R,,2 


Fig. 11-13 Bandwidth fy as a function of Bz, with source resistance 
as a parameter, for an amplifier consisting of one CE transistor 
whose parameters are given in Sec. 11-1. Also, the gain-bandwidth 
product for a 50-2 source is plotted. The tabulated values of 
|Avso| correspond to Ri = 2,000 Q and to the values of R, on 

the curves. 
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product increases with increasing R, and decreases with increasing R,. Even 
if we know the gain-bandwidth product at a particular R, and R,, we cannot 
use the product to determine the improvement, say, in bandwidth correspond- 
ing to a sacrifice in gain. For if we change the gain by changing R, or Rz or 
both, generally, the gain-bandwidth product will no longer be the same as it 
had been. 


Summary The high-frequency response of a transistor amplifier is 
obtained in this chapter in terms of the transistor parameters gm, Toe, "sb", 
C., and C,. We shall now show that these may be obtained from the four 
independent parameters hy., fr, hie, and Co = Ca. 

From the operating current Jc¢ and the temperature 7’, the transconduc- 
tance is obtained [Eqs. (11-16)] as gn = |Ic|/Vr and is independent of the 
particular device under consideration. Knowing gm, we can find, from Eqs. 
(11-16) and (11-23), 


= lite = ee we om 
Tye = te Te = hie — Tore Ce & Onfe 
If R, and Ry are given, all quantities in Eq. (11-37) or (11-41) are known. 
We have therefore verified that the frequency response may be determined 
from the four parameters Aye, fr, hie, and C.. Hence these four are usually 
specified by manufacturers of high-frequency transistors. 


11-10 EMITTER FOLLOWER AT HIGH FREQUENCIES 


In this section we examine the high-frequency response of the emitter follower 
shown in Fig. 1l-14a. A capacitance Cz is included across the load because 
the emitter follower (due to its low output resistance) is often used to drive 
capacitive loads. 

Writing nodal equations at the nodes B’ and &, respectively, we have 


GV, = [G+ gue + 8(Ce + CLIVE — (gore + 8C.) Ve (11-55) 
0 = —@ + 8C.)Vi 4 E + = +s8(C. 4 c1) | Vv, (11-56) 

where 
apis and 9 amt gue (11-87) 


If V; is eliminated from these equations, the voltage gain V./V, as a function 
of s is obtained. The result, of the form given in Eq. (11-38), has one zero 
and two poles. The exact solution can be found by proceeding as in Sec. 11-8 
(Prob. 11-18). 
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O) 


&m Ve 


Fig. 11-14 (a) Emitter follower. (6) High-frequency equivalent 
circuit of emitter follower. 


Single-pole Solution We can obtain a very simple approximate expres- 
sion for the transfer function by applying Miller’s theorem to the circuit of 
Fig. 11-146. With K = V./V; we obtain the circuit of Fig. 11-15. 

The low-frequency gain of an emitter follower is close to unity: K ~ 1 
and1— K ~0. Hence theinput time constant 7; = (Rs + rs)C,. The out- 
put time constant 7, is proportional to C,, and since we have assumed that the 
load is highly capacitive, then 7,>>7:. Hence the upper 3-dB frequency is 
determined, to a good approximation, by the output circuit alone. Using 
K = 1, we obtain 


Gm Vier. = Onl (Vi = V.) 


Me TTR tga © AbaOERe MES) 
Solving for V./V; = K, we obtain 
nS Gui 1 = Ke 2 : 
OS We gahe Ee ST (11-59) 
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= _ ons : 
Ko = Tigi 1 (11-60) 
and 
— lt gmt gm _ free 
fa = “QrCrRr | @nC. CL E61) 


and fr is given by Eg. (11-30). Since fy = 1/27, we see that 7, = Cr’gm, 
and the condition 7, >> 7; requires 


Cy > Im( Re + re). (11-62) 


Fer the parameter values in Fig, 11-14 and gn = 50 mA/V, this condition is 
Cr, >> (50) (150) (3) = 23 pF. 

Since the input impedance between terminals B’ and C is very large 
compared with &, + 7, then K also represents the overall voltage gain 
Ay. = V./V.. Incidentally, a somewhat better approximation for fy is given 
in Prob. 11-20, where we find 


= Gm + Jore = 
fa = Get CD Ones) 


Input Admittance We can find the input admittance (excluding ry) by 
referring to Fig. 11-15. 


eee | : 
Yi =F = JolC. + 1 — KC] + 1 — Kygve 
Substituting K from Eq. (11-59) in this equation, we find 


Y= j2nfC. + (gue + j2nfCe) MS (11-64) 


Fig. 11-15 The equivalent circuit of the emitter follower, using Miller's theorem. 
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Since K, ~ 1, the numerator of Eq. (11-64) is affected by frequency at a 
much lower value of f than is the denominator. Hence, forf < fx, Eq. (11-64) 
can be written 


Vi x PoriCe + ve + Panic) (1 — Ko + Z) 


ad f2rf(C. + (1 osF KC.) + Gt'e ad i K,) + Jgore J 


in 2 5, 


H 
(11-65) 


where the last term represents a negative resistance which is a function of 
frequency. Thus, the input impedance consists of a capacitance shunted by a 
negative resistance and if the source resistance R, contains some inductance in 
series with it, it is possible for the circuit to sustain undesirable oscillations. 
One way to remedy this condition is to use a small resistance in series with Ry. 
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REVIEW QUESTIONS 


11-1 Draw the small-signal high-frequency CE model of a transistor. 

11-2. (a) What is the physical origin of the two capacitors in the hybrid-z model? 
(b) What is the order of magnitude of each capacitance? 

11-3 What is the order of magnitude of each resistance in the hybrid-7 model? 

11-4 How does gm vary with (a) |Zcl; (6) |Vezl; (e) T? 


Sec. 17-10 THE TRANSISTOR AT HIGH FREQUENCIES / 371 


11-5 Prove that Aye = gmTwre- 

11-6 (a) Prove that hi, = rx + Toe (0) Assuming ryy.<Kry,., how does rye 
vary with |Ic|? 

11-7. (@) How does C, vary with |Jc| and |Vcz|? (0) How does C, vary with 
\Zo| and |Vex|? 

11-8 Derive the expression for the CE short-circuit current gain A; as a function 
of frequency. 

11-9 (a) Define fg. (b) Define fr. (c) What is the relationship between fp 
and fr? 

11-10 Consider a CE stage with a resistive load Ry. Using Miller’s theorem, 
what is the midband input capacitance? (b) Assuming the output time constant is 
small compared with the input time constant, what is the high 3-dB frequency fr for 
the current gain? 

11-11 Explain why the 3-dB frequency for current gain is not the same as fx for 
voltage gain. 

11-12 In terms of what four parameters is the high-frequency response of a CE 
stage obtained? 

11-13. Draw the small-signal equivalent circuit for an emitter-follower stage at 
high frequencies. 


MULTISTAGE 
AMPLIFIERS 


Frequently, the need arises for amplifying a signal with a minimum 
of distortion. Under these circumstances the active devices involved 
must operate linearly. In the analysis of such circuits the first step is 
the replacement of the actual circuit by a linear model. Thereafter 
it becomes a matter of circuit analysis to determine the distortion 
produced by the transmission characteristics of the linear network. 

The frequency range of the amplifiers discussed in this chapter 
extends from a few cycles per second (hertz), or possibly from zero, 
up to some tens of megahertz. The original impetus for the study 
of such wideband amplifiers was supplied because they were needed 
to amplify the pulses occurring in a television signal. Therefore such 
amplifiers are often referred to as video amplifiers. Basic amplifier 
circuits are discussed here. 

In this chapter, then, we consider the following problem: Given 
a low-level input waveform which is not necessarily sinusoidal but 
may contain frequency components from a few hertz to a few mega- 
hertz, how can this voltage signal be amplified with a minimum of 
distortion? 

We also discuss many topics associated with the general problem 
of amplification, such as the classification of amplifiers, hum and noise 
in amplifiers, etc. 


12-1 CLASSIFICATION OF AMPLIFIERS 


Amplifiers are described in many ways, according to their frequency 
range, the method of operation, the ultimate use, the type of load, 
the method of interstage coupling, ete. The frequency classification 
includes de (from zero frequency), audio (20 Hz to 20 kHz), video or 
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pulse (up to a few megahertz), radio-frequency (a few kilohertz to hundreds of 
megahertz), and ultrahigh-frequency (hundreds or thousands of megahertz) 
amplifiers. 

The position of the quiescent point and the extent of the characteristic 
that is being used determine the method of operation. Whether the transistor 
or FET is operated as a Class A, Class AB, Class B, or Class C amplifier is 
determined from the following definitions. 


Class A A Class A amplifier is one in which the operating point and the 
input signal are such that the current in the output circuit (in the collector, 
or drain electrode) flows at all times. A Class A amplifier operates essentially 
over a linear portion of its characteristic. 


Class BA Class B amplifier is one in which the operating point is at an 
extreme end of its characteristic, so that the quiescent power is: very small. 
Hence either the quiescent current or the quiescent voltage is approximately 
zero. If the signal voltage is sinusoidal, amplification takes place for only 
one-half a cycle. For example, if the quiescent output-circuit current is zero, 
this current will remain zero for one-half a cycle. 


ClassAB A Class AB amplifier is one operating between the two extremes 
defined for Class A and Class B. Hence the output signal is zero for part but 
less than one-half of an input sinusoidal signal cycle. 


Class C A Class C amplifier is one in which the operating point is chosen 
so that the output current (or voltage) is zero for more than one-half of an 
input sinusoidal signal cycle. 


Amplifier Applications The classification according to use includes 
voltage, power, current, or general-purpose amplifiers. In general, the load 
of an amplifier is an impedance. The two most important special cases are 
the idealized resistive load and the tuned circuit operating near its resonant 
frequency. 

Class AB and Class B operation are used with untuned power amplifiers 
(Chap. 18), whereas Class C operation is used with tuned radio-frequency 
amplifiers. Many important waveshaping functions may be performed by 
Class B or C overdriven amplifiers. This chapter considers only the untuned 
audio or video voltage amplifier with a resistive load operated in Class A. 


12-2 DISTORTION IN AMPLIFIERS 


The application of a sinusoidal signal to the input of an ideal Class A amplifier 
will result in a sinusoidal output wave. Generally, the output waveform is 
not an exact replica of the input-signal waveform because of various types of 
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distortion that may arise, either from the inherent nonlinearity in the char- 
acteristics of the transistors or FETs or from the influence of the associated 
circuit. The types of distortion that may exist either separately or simultane- 
ously are called nonlinear distortion, frequency distortion, and delay or phase- 
shift distortion. 


Nonlinear Distortion This type of distortion results from the production 
of new frequencies in the output which are not present in the input signal. 
These new frequencies, or harmonics, result from the existence of a nonlinear 
dynamic curve for the active device; they are considered in some detail in 
Sees. 18-2 and 18-3. This distortion is sometimes referred to as “amplitude 
distortion.” 


Frequency Distortion This type of distortion exists when the signal 
components of different frequencies are amplified differently. In either a 
transistor or a FET this distortion may be caused by the internal device 
capacitances, or it may arise because the associated circuit (for example, the 
coupling components or the load) is reactive. Under these circumstances, 
the gain A is a complex number whose magnitude and phase angle depend 
upon the frequency of the impressed signal. A plot of gain (magnitude) vs. 
frequency of an amplifier is called the amplitude frequency-response character- 
istic. Such a plot for a single-stage transistor amplifier with a resistive load is 
indicated in Fig. 11-11. If the frequency-response characteristic is not a 
horizontal straight line over the range of frequencies under consideration, the 
circuit is said to exhibit frequency distortion over this range. 


Phase-shift Distortion Phase-shift distortion results from unequal phase 
shifts of signals of different frequencies. This distortion is due to the fact 
that the phase-angle of the complex gain A depends upon the frequency. 


12-3 FREQUENCY RESPONSE OF AN AMPLIFIER 


A criterion which may be used to compare one amplifier with another with 
respect to fidelity of reproduction of the input signal is suggested by the 
following considerations: Any arbitrary waveform of engineering importance 
may be resolved into a Fourier spectrum. If the waveform is periodic, the 
spectrum will consist of a series of sines and cosines whose frequencies are all 
integral multiples of a fundamental frequency. The fundamental frequency 
is the reciprocal of the time which must elapse before the waveform repeats 
itself. If the waveform is not periodic, the fundamental period extends in a 
sense from a time — toa time +o. The fundamental frequency is then 
infinitesimally small; the frequencies of successive terms in the Fourier series 
differ by an infinitesimal amount rather than by a finite amount: and the 
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Fourier series becomes instead a Fourier integral. In either case the spectrum 
includes terms whose frequencies extend, in the general case, from zero fre- 
quency to infinity. 


Fidelity Considerations Consider a sinusoidal signal of angular fre- 
quency w represented by Vn sin (wf + ¢). If the voltage gain of the amplifier 
has a magnitude A and if the signal suffers a phase change (lead angle) 6, then 
the output will be 


AVnsin (wt + 6+ 6) = AVmsin[o(t+ 2) + 6] 


Therefore, if the amplification A is independent of frequency and if the phase 
shift 0 is proportional to frequency (or is zero), then the amplifier will preserve the 
form of the input signal, although the signal will be shifted in teme by an amount 
D = 6/u. 

This discussion suggests that the extent to which an amplifier’s amplitude 
response is not uniform, and its time delay is not constant with frequency, 
may serve as a measure of the lack of fidelity to be anticipated in it. In 
principle, it is not necessary to specify both amplitude and delay response 
since, for most practical circuits, the two are related and, one having been 
specified, the other is uniquely determined. However, in particular cases, it 
may well be that either the time-delay or amplitude response is the more 
sensitive indicator of frequency distortion. 

For an amplifier stage the frequency characteristics may be divided into 
three regions: There is a range, called the midband frequencies, over which the 
amplification is reasonably constant and equal to A, and over which the delay 
is also quite constant. or the present discussion we assume that the midband 
gain is normalized to unity, AJ = 1. In the second (low-frequency) region, 
below midband, an amplifier stage may behave like the simple high-pass 
circuit of Fig. 12-1. The response decreases with decreasing frequency, and 
the output usually approaches zero at de (f = 0). In the third (high-fre- 
queney) region, above midband, the circuit often behaves like the simple low- 
pass network of Fig. 12-2, and the response decreases with increasing fre- 
quency. The total frequency characteristic, indicated in Fig. 12-3 for all three 
regions, will now be discussed. 


Low-frequency Response From the circuit of Fig. 12-1, we find, using 
the complex variable s, 


Vitis) Rx a 
Fe Ry + 1/sCy 


V.(s) VO se (12-1) 


Thus the voltage transfer function at low frequencies, Azr(s) = V.(s) V:(s), 
has one zero at s = 0 and one pole at s = —1/RiC;. For real frequencies 
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Fig. 12-1 A high-pass RC circuit used to calculate 
the low-frequency response of an amplifier. 


(s = jw = j2nf), Eq. (12-1) becomes 
Aap ea (12-2) 
We" "T= FGI 
where 
1 
to = RD, ee 
The magnitude |Az| and the phase lead 6, of the gain are given by 


0, = arctan 1 (12-4) 


lALGf)| = :; 


1 
V1 + (f/f? 


At the frequency f = f,, Ay = 1/V2 = 0.707, whereas in the midband 
region (f > fr), A, ->1. Hence f, is that frequency at which the gain has 
fallen to 0.707 times its midband value A.. This drop in signal level cor- 
responds to a decibel reduction of 20 log (1/2), or 3 dB. Accordingly, f, 
is referred to as the lower 3-dB frequency. From Eq. (12-3) we see that fy is 
that frequency for which the resistance Ry equals the capacitive reactance 
1/2nf C1. 


High-frequency Response In the high-frequency region, above the mid- 
band, the amplifier stage can often be approximated by the simple low-pass 
circuit of Fig. 12-2. Such is the case, for example, for the CE transistor stage 
if we use the Miller approximation (Sec. 11-8). In terms of the complex 
variable s, we find 


Vols) = pattie Vals) = 


1 


Fig. 12-2. (a) A low-pass 

RC circuit used te calcu- 

late the high-frequency 

response of an amplifier, 

(b) The Norton’s equiva- 

(a) (b) lent of the circuit in (a), 
where I = Vi/Ro. 
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Hence the transfer function in this region has a single pole of s = —1/R2C2. 
For real frequencies (s = jw = j2nf) we obtain for the magnitude 


|AnGif)| = |Vols)/Vils) lions 
and for the phase lead angle 6 of the gain in the high-frequency region, 


1 
VI+ G/fn)? 


64 = —arctan i (12-6) 


where 
1 
Ji = ER, (12-7) 


Since at f = fy the gain is reduced to v2 times its midband value, then fz 
is called the upper 3-dB frequency. It ulso represents that frequency at which 
the resistance R. equals the capacitive reactance 1/2mf7C2. In the above 
expressions 6; and 6x represent the angle by which the output leads the input, 
neglecting the initial 180° phase shift through the amplifier. The frequency 
dependence of the gains in the high- and low-frequency range is to be seen in 
Fig. 12-3. Such characteristics, called Bode plots, are discussed in detail in the 
following section. 


20 log 14,1, dB 20 log |Ay!, dB 


—10 


20 


Slope is~6 dB/octave 
or —20 dB /decade 
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30 
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Fig. 12-3 A log-log plot of the amplitude frequency-response (Bode) charac- 
teristic of an RC-coupled amplifier. The dashed curve is the idealized Bode 
plot, 
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Bandwidth The frequency range from f, to Jn is called the bandwidth 
of the amplifier stage. We may anticipate in a general way that a signal, all 
of whose Fourier components of appreciable amplitude lie well within the 
range fr to fu, will pass through the stage without excessive distortion. This 
criterion must be applied, however, with caution. , 


12-4 BODE PLOTS: 


The frequency response of an amplifier (or any linear network) is indicated 
by plotting two curves: (1) the magnitude of the transfer gain and (2) the 
phase-lead angle as a function of frequency. These characteristies are called 
Bode plots. We shall now demonstrate that these curves may be approximated 
by piecewise linear regions. These interconnected straight-line characteristics 
are referred to as idealized Bode plots. 


Single-pole Transfer Function A one-pole transfer gain is of the form 
given in Bq. (12-5), or with s = j2af and with fp equal to the frequency of the 
pole, 

A 
AG) = —= 
D = Ta 


The magnitude in decibels is 


|A|(GB) = 20 log |A| = 20 log A, — 20 log .f1 + () (12-9) 


(12-8) 


or 
20 log A, itt <1 
|A|(dB) = f f (12-10) 
20 log A. — 20 log = if->1 
So tp 


These equations are plotted on log-log paper (that is, 20 log |4| versus 
log f/fp) in Fig. 12-4. For frequencies below the pole frequency fp (f/f < 1), 
the characteristic is asymptotic to the horizontal line 20 log A,. For fre- 
quencies above f, (Jf, fp > 1), Eq. (12-10) indicates that the curve of the gain 
magnitude in decibels asymptotically approaches a straight line whose slope is 
—20 dB per decade of frequency (f,'f, = 10), or —6 dB per octave 4p = 2). 
The Bode characteristic is drawn in Vig. 12-4, where the asymptotes are shown 
as shaded straight lines. Note that for f = f,, both asymptotic relationships 
in Eq. (12-10) yield |A|(dB) = 20 log A.. Hence, the two lines intersect at 
f = fp a8 indicated in Fig. 12-4 and the 3-dB frequency f, is also called the 
corner frequency. 

Since A. and f, are known, the two asymptotes can be easily located. 
The true Bode characteristic can then be sketched in simply by noting the 
deviations listed in the table given in Fig. 12-4. For example, the true 
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Fig. 12-4 Bode plots of a single-pole low-pass amplifier. The piecewise 
linear approximations are shown shaded. 


response curve is 3 dB below the idealized Bode plot at f = f,; is 1 dB below 
at f = 0.5f); ete. 
The phase-shift angle @ of the single-pole transfer function is given by 


a= — arctan (12-11) 


Jp 

For f fp, 6— 0°, and for f > f,,¢— —90°. Atf =f, 9 = —45°. Inview 
of these facts, a piecewise linear approximation to the phase characteristic is 
constructed as follows: The two asymptotes are the horizontal lines @ = 0° 
for 0 < f/f < 0.1 and @ = —90° for f/f, > 10. These are joined by a line 
of slope —45° per decade passing through @ = —45° at f = fp. In other 
words this line passes through the points 6 = 0°, f = 0.1f, and @ = —90°, 
f = 10f,. This broken-line Bode phase characteristic is indicated shaded in 
Fig. 12-4. The table shows that the idealized Bode plot differs from the true 
characteristic by less than 6° everywhere. 


Single-zero Transfer Function For the transfer gain with one zero at f., 
A(if) = Ae ( + if) (12-12) 


The magnitude in decibels is 


|A|(4B) = 20 log |A| = 20 log A, + 20 log y) 4 (7) (12-13) 
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or 
20 log A, iff<f, 


|A|(dB) = 20 log As + 20 log t iff 


(12-14) 


For frequencies below the zero frequency f, (f/f. < 1), the characteristic is 
asymptotic tothe horizontal line 20 log A,. For frequencies above/, (f/f. > 1), 
Eq. (12-14) indicates that the curve of |A| (dB) asymptotically approaches a 
straight line whose slope is +20 dB per decade, or +6 dB per octave. The 
Bode characteristic is drawn in Fig. 12-5, where the asymptotes are shown as 
shaded straight lines. As indicated in connection with the one-pole function, 
we can quickly sketch the true Bode single-zero characteristic from the two 
asymptotes determined by A, and fz. 
The phase angle @ of the single-zero transfer gain is given by 


=+ arctan 2 (12-15) 
For f<f., 90, and for f>/f,,@—>+90°. Atf=f,, @= +45°. Hence 
the piecewise linear phase approximation is obtained as follows: The two 
asymptotes are the horizontal lines @ = 0° for 0 < ff; < 0.1 and 9 = +90° 
for f/f. > 10. These are joined by a line of slope +45° per decade passing 
through @ = +45° at f = f,. The broken-line Bode re and the true phase 
characteristic are indicated in Fig. 12-5. ; 
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Fig. 12-5 Bode plots of single-zero transfer function. The piecewise linear 
approximations are shown shaded. 
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The single-zero transfer gain is unrealistic because it indicates a response 
which increases without limit as f— o. A practical circuit has a transfer 
characteristic consisting of one or more zeros and simultaneously one or more 
poles, but with the number of poles larger than the number of zeros. Itis the 
poles which determine the upper and lower 8-dB frequencies. 


Two-pole Transfer Function A transfer gain with one pole at fp: and a 
second at fp: is given by 


A(jf) = 


Ay 
(1+ 90/fol + ITF) (12-16) 


The magnitude in decibels is 


|A|(aB) = 20 log A, — 20 log y) di 6) 


— 20 log mi + (4) (12-17) 


Proceeding as above, we conclude that the first term is a horizontal straight 
line, the second term has an asymptote passing through f = fp: with a slope 
of —20 dB per decade, or —6 dB per octave, and the third term has an asymp- 
tote passing through f = fy, with the same slope. These lines are shown 
dashed in Fig. 12-6a, and the sum of the three asymptotes, given by the solid- 
broken-line continuous curve, is the resultant idealized Bode plot. Note that 
it has been assumed that fy2 > fo. For f > fp2 the resultant slope is —40 dB 
per decade, or —12 dB per octave. 

The phase response is given by 


I f 


a= — ean _ Be (12-18) 
The linearized Bode plot is obtained by considering each term in Eq. (12-18) 
separately and proceeding as in Fig. 12-6b. The contribution to the phase @ 
by each pole is indicated separately by the dashed lines. For example, the 
curve marked @2 corresponds to the pole at fz. Consistent with the above 
discussion @ = 0 for f < 0.1fp2 and 6 = —90° for f > 10f,0, and 6 decreases 
by 45° per decade for O.lfp < f <10fp. At f = foo, 0: = ~-45°. The 
resultant phase at any frequency is the sum of the two dashed curves at that 
frequency and is indicated by the shaded-broken-line plot. (Figure 12-6 is 
drawn for the special case where fp. = 5fp1.) 

The true (not linearized) Bode plot may be obtained by using the table 
in Fig. 12-4. The two individual curves corresponding to break points at 
fn and fp, are drawn and then are added to obtain the resultant Bode ampli- 
tude (Prob, 12-5). The Bode phase response is obtained in an analogous 
manner by using the table in Fig. 12-4 to correct the piecewise linear phase 
lines. 
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Fig. 12-6 (a) The idealized Bode amplitude plots for a two-pole transfer 
function. The individual asymptotes for each pole are shown dashed, 
and the resultant is drawn as a solid continuous broken-line plot. (b) 
Phase-response Bode plot for (a). 


The Dominant Pole If in Eq. (12-16) fp: is much smaller than f»2, the 
above discussion in connection with ]'ig. 12-6 indicates that the upper 3-dB 
frequency is given approximately by fp. If foo = 4fp1, an exact plot indicates 
(Prob. 12-7) that the 3-dB frequency is only 6 percent smaller than f,1. We 
conclude that if @ transfer function has several poles determining the high- 
frequency response, if the smallest of these is fy: and if each other pole is at least 
two octaves higher, then the amplifier behaves essentially as a single-time-constant 
circuit whose 3-dB frequency is fyi. The frequency fp: is called the dominant 
pole, 


12-5 STEP RESPONSE OF AN AMPLIFIER 


An alternative criterion of amplifier fidelity is the response of the amplifier 
to a particular input waveform. Of all possible available waveforms, the most 
generally useful is the step voltage. In terms of a circuit’s response to a step, 
the response to an arbitrary waveform may be written in the form of the 
superposition integral. Another feature which recommends the step voltage 
is the fact that this waveform is one which permits small distortions to stand 
out clearly. Additionally, from an experimental viewpoint, we note that 
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excellent pulse (a short step) and square-wave (a repeated step) generators 
are available commercially. 

As long as an amplifier can be represented by a dominant pole, the correla- 
tion between its frequency response and the output waveshape for a step 
input is that given below. Quite generally, even for more complicated ampli- 
fier circuits, there continues to be an intimate relationship between the dis- 
tortion of the leading edge of a step and the high-frequency response. Sim- 
ilarly, there is a close relationship between the low-frequency response and 
the distortion of the flat portion of the step. We should, of course, expect 
such a relationship, since the high-frequency response measures essentially 
the ability of the amplifier to respond faithfully to rapid variations in signal, 
whereas the low-frequency response measures the fidelity of the amplifier for 
slowly varying signals. An important feature of a step is that it is a combina- 
tion of the most abrupt voltage change possible and of the slowest. possible 

voltage variation. 


Rise Time The response of the low-pass circuit of Fig. 12-2 to a step 
input of amplitude V is exponential with a time constant ReCs. Since the 
capacitor voltage cannot change instantaneously, the output starts from zero 
and rises toward the steady-state value V, as shown in Fig. 12-7, The output 
is given by 


= V1 — etme) (12-19) 


The time required for v, to reach one-tenth of its final value is readily found 

to be 0.142C2, and the time to reach nine-tenths its final value is 2.3R2C. 

The difference between these two values is called the rise time t, of the circuit 

and is shown in Fig. 12-7. The time ¢, is an indication of how fast the ampli- 

fier can respond to a discontinuity in the input voltage. We have, using 

Eq. (12-7), 
i == BORO, 2 2.2 0.35 


Qnfa fn 


Note that the rise time is inversely proportional to the upper 3-dB frequency. 
For an amplifier with 1 MHz bandpass, t, = 0.35 us. 


(12-20) 


Fig. 12-7. Step-voltage response 
of the low-pass RC circuit. The 
rise time i, is indicated. 
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Fig. 12-8 Pulse response for the case 


fu = 1ftp. 


Consider a pulse of width t. What must be the high 3-dB frequency 
fx of an amplifier used to amplify this signal without excessive distortion? A 
reasonable answer to this question is: Choose fu equal to the reciprocal of the 
pulse width, fr = 1/tp. From Eq. (12-20) we then have é, = 0.35t,. Using 
this relationship, the (shaded) pulse in Fig. 12-8 becomes distorted into the 
(solid) waveform, which is clearly recognized as a pulse. 


Tilt or Sag If a step of amplitude V is impressed on the high-pass circuit 
of Fig. 12-1, the output is 
Vo = Vert met (12-21) 


For timus ¢ which are small compared with the time constant RC, the response 
is given by 


t 
Up © v(i = am) (12-22) 


From Tig. 12-9 we see that the output is tilted, and the percent tilt, or sag, 
in time #; is given by 


_V-v 


P= V x 100 = 


aor X 100% (12-23) 
1 


It is found® that this same expression is valid for the tilt of each half cycle 
of a symmetrical square wave of peak-to-peak value V and period T provided 


Uu 
% iV 
a a 

Fig. 12-9 The response »,, when a 


step v; is applied to a high-pass RC 
circuit, exhibits a tilt. 


°o 
% 
o 
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that we sett; = 7/2. If f = 1,'T is the frequency of the square wave, then, 
using Eq. (12-3), we may express P in the form 


Gea wyR.c, X 100 = uo x 100% (12-24) 


Note that the tilt is directly proportional to the lower 3-dB frequency. If 
we wish to pass a 50-Hz square wave with less than 10 percent sag, then fr 
must not exceed 1.6 Hz. 


Square-wave Testing An important experimental procedure (called 
square-wave testing) is to observe with an oscilloscope the output of an amplifier 
excited by a square-wave generator. It is possible to improve the response 
of an amplifier by adding to it certain circuit elements,! which then must be 
adjusted with precision. It is a great convenience to be able to adjust these 
elements and to see simultaneously the effect of such an adjustment on the 
amplifier output waveform. The alternative is to take data, after each succes- 
sive adjustment, from which to plot the amplitude and phase responses. 
Aside from the extra time consumed in this latter procedure, we have the 
problem that it is usually not obvious which of the attainable amplitude and 
phase responses corresponds to optimum fidelity. On the other hand, the 
step response gives immediately useful information. 

It is possible, by judicious selection of two square-wave frequencies, to 
examine individually the high-frequency and low-frequency distortion. For 
example, consider an amplifier which has a high-frequency time constant of 
1 ys and a low-frequency time constant of 0.1 s. A square wave of half 
period equal to several microseconds, on an appropriately fast oscilloscope 
sweep, will display the rounding of the leading edge of the waveform and will 
not display the tilt. At the other extreme, asquare wave of half period approxi- 
mately 0.01 s on an appropriately slow sweep will display the tilt, and not the 
distortion of the leading edge. Such a waveform is indicated in Fig. 12-10. 

It should not be inferred from the above comparison between steady-state 
and transient response that the phase and amplitude responses are of no 
importance at all in the study of amplifiers. The frequency characteristics 
are useful for the following reasons. In the first place, much more is known 
generally about the analysis and synthesis of circuits in the frequency domain 
than in the time domain, and for this reason the design of coupling networks 
is often done on a frequency-response basis. Second, it is often possible to 
arrive at least at a qualitative understanding of the properties of a circuit from 
a study of the steady-state-response in circumstances where transient calcula~ 
tions are extremely cumbersome. Third, compensating an amplifier against 
unwanted oscillations (Chap. 14) is accomplished in the frequency domain. 
Finally, it happens occasionally that an amplifier is required whose character- 
isti¢s are specified on a frequency basis, the principal emphasis being to amplify 
a sine wave. 
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Fig. 12-10 A square-wave (shaded) 
input signal is distorted by an amplifier 
with a lower 3-dB frequency fr. The 
output (solid) waveform shows a tilt 
where the input is horizontal. 


12-6 BANDPASS OF CASCADED STAGES 


The high 3-dB frequency for n cascaded stages is f7, and equals the frequency 
for which the overall voltage gain falls 3 dB to 1/V2 of its midband value. 
To obtain the overall transfer function of noninteracting stages, the transfer 
gains of the individual stages are multiplied together. Hence, if each stage 
has a dominant pole and if the high 3-dB frequency of the ith stage is Jui, where 


a@=1,2,...,n, then ff can be calculated from the product 
1 eee _ i soe 1 
V1 + (fE/fin)? Vit Oh/fm)? Vit Gi/fan)? 
1 . 
=— (12-25 
5 ( ) 


For n stages with identical upper 3-dB frequencies we have 


je ade = C= fa = = fun = fx 


Thus f7 is caleulated from 


1 * 1 
Ee: | V2 
to be ; 
4 
ft = 4/2ie —] (12-26) 
For example, for n = 2, fr,fx = 0.64. Hence two cascaded stages, each with 
a bandwidth fy = 10 kHz, have an overall bandwidth of 6.4 kHz. Similarly, 
three cascaded 10-kHz stages give a resultant upper 3-dB frequency of 5.1 kHz, 
ete. 
If the low 3-dB frequency for n identical noninteracting cascaded stages 
is fz, then, corresponding to Eq. (12-26), we find 


a = Bes (12-27) 


We see that a cascade of stages has a lower fr and a higher fy than a single 
stage, resulting in a shrinkage in bandwidth. 

If the amplitude response for a single stage is plotted on log-log paper, the 
resulting graph will approach a straight line whose slope is 6 dB per octave 
both at the low and at the high frequencies, as indicated in Fig. 12-3. For an 
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n-stage amplifier it follows that the amplitude response falls 6n dB per octave, 
or equivalently, 20n dB per decade. 


Interacting Stages If in a cascade of stages the input impedance of one 
stage is low enough to act as an appreciable shunt on the output impedance 
of the preceding stage, then it is no longer possible to isolate stages. Under 
these circumstances individual 3-dB frequencies for each stage cannot be 
defined. However, when the overall transfer function of the cascade is 
obtained (See. 12-10), it is found to contain poles (in addition to k zeros). 
If the pole frequencies are fi, . . . , fo, . . . , fn, then the high 3-dB frequency 
of the entire cascade fy, is given by Eq. (12-25) (with fy; replaced by f,), pro- 
vided that the zero frequencies are much higher than the pole frequencies 
(Prob. 12-14). 

If the cascade has a dominant pole fp which is much smaller than all other 
poles, all terms in the product in Eq. (12-25) may be neglected except the first. 
It then follows that fu = fp, or the high 3-dB frequency equals the dominant- 
pole frequency. (From here on we shall drop the asterisk on /*.) 

Consider now the situation discussed in Sec. 12-4, where there is a dom- 
inant frequency fp, a second pole whose frequency is only two octaves away, 
and all other poles are at very much higher frequencies. Then Bq. (12-25) 
becomes : 

1 1 2%) 

V1I+ Gu/fo)? V1 + Gu/4foy V2 

Since we expect the 3-dB frequency to be approximately equal to the dominant 
frequency, substitute fy = fp into the second term in Eq. (12-28) to obtain 


Hy 2 i 
oe 3) “iF @ rae 


fu = 0.94fp (12-30) 


This calculation verifies that the high 3-dB frequency is less than 6 percent 
sma ler than the dominant frequency provided that the next higher pole fre- 
quency is at least two octaves away. 
If the pole frequencies are not widely separated, the result of Prob. 12-15 

indicates that fy is given (to within 10 percent) by 

1 1 1 1 

facet Vie se a . ee 
If this equation is applied to the case considered above, f, = fp and fz = 4fp 
and all other poles much higher, the result is fy = 0.89fp, in close agreement 
with Eq. (12-30). If Eq. (12-31) is applied to the case where fi = fo and all 
other poles are much higher, then fy = 0.65/1 (instead of the exact value of 


0.64/:). For three equal poles, Eq. (12-31) yields fv = 0.53/, (instead of the 
exact value of 0.51/1). 


(12-28) 


or 
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Step Response If the rise time of isolated individual cascaded stages is 
ta, tra, . . . , tn and if the input waveform rise time is t,., then, corresponding 
to Eq. (12-31) for the resultant upper 3-dB frequency, we have that the output- 
signal rise time t, is given (to within 10 percent) by 


by = LL Vb” tx? Hoe? FE (12-32) 


If, upon application of a voltage step, one circuit produces a tilt of P; 
percent and if a second stage gives a tilt of P: percent, the effect of cascading 
these two noninteracting circuits is to produce a tilt of P, + P, percent. This 
result applies only if the individual tilts and the combined tilt are small 
enough so that in each case the response falls approximately linearly with time. 


12-7 THE &C~COUPLED AMPLIFIER 


A cascaded arrangement of common-emitter (CE) transistor stages is shown in 
Fig. 12-1la, and of common-source (CS) FET stages is shown in Fig. 12-110. 
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Fig. 12-11 A cascade of (a) common-emitter (CE) transistor stages; (b) 
common-source (CS) depletion-type, or JFET stages. 


See, 12-8 MULTISTAGE AMPLIFIERS / 389 


The output Y, of one stage is coupled to the input X2 of the next stage via a 
blocking capacitor C, which is used to keep the de component of the output 
voltage at Y, from reaching the input X». Resistor HR, is from gate to ground, 
and the collector (drain) circuit resistor is R,(Rz). The source resistor R., the 
emitter resistor R., and the resistors R; and R» are used to establish the bias. 
The bypass capacitors, used to prevent loss of amplification due to negative 
feedback (Chap. 13), are C, in the emitter circuit and C, in the source circuit. 
Also present are junction capacitances, to be taken into account when we 
consider the high-frequency response, which is limited by their presence. In 
any practical mechanical arrangement of the amplifier components, there are 
also capacitances associated with device sockets and the proximity to the 
chassis of components (for example, the body of Cy) and signal leads. These 
stray capacitances are also considered later. We assume that the active device 
operates linearly, so that small-signal models are used throughout this chapter. 


12-8 LOW-FREQUENCY RESPONSE OF AN RC-COUPLED STAGE 


The effect of the bypass capacitors C., and C, on the low-frequency character- 
istics is discussed in the next section. For the present we assume that these 
capacitances are arbitrarily large and act as ac (incremental) short circuits 
across Rk, and k,, respectively. A single intermediate stage of any of the 
cascades in Fig. 12-11 may be represented schematically as in Fig. 12-12. 
The resistor R, represents the gate resistor R, for an FET, and equals R, in 
parallel with R, if a transistor stage is under consideration. The resistor Ry 
represents I, for a transistor, or Ra for an FET, and R, represents the input 
resistance of the following stage. 

The low-frequency equivalent circuit is obtained by neglecting all shunt- 
ing capacitances and all junction capacitances by replacing amplifier A, by 
its Norton’s equivalent, as indicated in Fig. 12-13a. For a field-effect transis- 
tor, R; = ©, the output impedance is R, = ry (the drain resistance), and 
I = gmV; (transconductance times gate signal voltage). For a transistor 
these quantities may be expressed in terms of the CE hybrid parameters as in 
Sec. 8-13: RB; = hy, (for small values of R.); Ro = 1/hoe (for a current drive); 
and I = hyel», where Jy is the base signal current. Let R/ represent R, in 
parallel with R,, and let Rj be R; in parallel with R,. Then, replacing J and 


Cy 


= 


Fig. 12-12 A schematic representa- 
tion of either an FET or transistor 
stage. Biasing arrangements and 
supply voltages are not indicated. Zo 
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Re Y, Cy xX, 
IR, Rj 
+ 
Zz Zz. 
1 ( b ) 2 


Fig. 12-13 (a) The low-frequency model of an RC-coupled amplifier; (b) an 
equivalent representation. For an FET, J = gmVi, Ro = ra, R,= Ra Rs = Ry 
and R; = ©. Fora transistor, J = hyels, Ro = 1/hoe Ry = Ril|Ra, Ry = R, 
and R; = hie Also, Rj = Ril|R, and Ri = R,||R,. 


R, by the Thévenin’s equivalent, the single-time-constant high-pass circuit 
of Fig. 12-136 results. Hence, from Eq. (12-3), the low 3-dB frequency is 


1 


Tu = SRE + RC, (12-38) 


This result is easy to remember since the time constant equals C, multiplied 
by the sum of the effective resistances R/ to the left of the blocking capacitor, 
and R; to the right of Cs. For an FET amplifier, Rj = R,>> Re. Since 
Ri < Re because R) is Re in parallel with R,, then Ri = R,>> Ri and 
fu = 1/2rQR,. 


————————— eee 
EXAMPLE It is desired to have a low 3-dB frequency of not more than 10 Hz 
for an RC-coupled amplifier for which R, = 1 K. What minimum value of 
coupling capacitance is required if (a) FETs with R, = 1M are used; (0) tran- 
sistors with R; = 1 K and 1/h,. = 40 K are used? 


Solution a. From Eq. (12-33) we have 


1 


= —_—__ < 10 
Qn(Re + RC, — 


fi 
or 


1 
Sy Re 
C2 62.8(2, +R!) 


Since Rj = 1M and R, < R, = 1K, then Ri + Ri ~ 1M and G > 0.016 
BF, 
b. From Eq. (8-35) we find for a transistor R, > 1/ho. ~ 40 K, and hence 
Ri R,= 1K. If we assume that R,>> R; = 1 K, then R; ~ 1K. Hence 
1 
er 
= (62.8)(2 X 103) 
a 


C, = 8.0 BE 
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Note that, because the input impedance of a transistor is much smaller 
than that of an FET, a coupling capacitor is required with the transistor 
which is 500 times larger than that required with the FET. Fortunately, it 
is possible to obtain physically small electrolytic capacitors having such high 
capacitance values at the low voltages at which transistors operate. Since the 
coupling capacitances required for good low-frequency response are far larger 
than those obtainable in integrated form, cascaded integrated stages must be 
direct-coupled (Chap. 15). 


12-9 EFFECT OF AN EMITTER BYPASS CAPACITOR 
ON LOW-FREQUENCY RESPONSE 


If an emitter resistor #, is used for self-bias in an amplifier and if it is desired 
to avoid the degeneration, and hence the loss of gain due to R., we might 
attempt to bypass this resistor with a very large capacitance C,. The circuit is 
indicated in Fig. 12-11a. It is shown below that the effect of this capacitor is to 
affect adversely the low-frequency response. 

Consider the single stage of Fig. 12-14a. To simplify the analysis we 
assume that R||R2>> R, and that the load R, is small enough so that the 
simplified hybrid model of Fig. 8-23 is valid. The equivalent circuit subject 
to these assumptions is shown in Fig. 12-14b. The blocking capacitor Cy is 
omitted from Fig. 12-140; its effect is considered in Sec. 12-8. 

The output voltage V, is given by 


(12-34) 


+ 


Fig. 12-14 (a) An amplifier with a bypassed emitter resistor; (b) the low- 
frequency simplified h-parameter model of the circuit in (a). 
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where 
R 


4 = 1+ hy) 7 F joO Re 


(12-35) 


Substituting Eq. (12-35) in Eq. (12-34) and solving for the voltage gain Ay, 
we find 


_ Vo _ _ _—iAayele 1 + jwC.R, 
Av=¥ > ~R+R 1+ 0CIRR/(R FR 20) 
where 
R= R.+ he and R'=(1+h,.)R, (12-37) 
The midband gain A, is obtained as w — ©, or 
ie hy RP ae —hy,R, 
A, PR Rahs (12-38) 
Hence 
Ay I 1+ if/fo 
- E 12. 
A, 1+ RURI +d, coe) 
where 
__!l _LtkR/R 
f= TOR, = DCR, ee) 


Note that f, determines the zero and f, the pole of the gain Ay’A.. Since, 
usually, R’,R >> 1, then f, > f., so that the pole and zero are widely separated. 
For example, assuming R, = 0, R. = 1 K, C. = 100 uF, hy = 50, kee = 1.1K, 
and R, = 2 Ix, we find f, = 1.6 Hz and f, = 76 Hz. 

The magnitude of |Ay/A,| in decibels is given by 


= —20 log (1 + ®) + 20 log 4/1 + (Z) 


— 20 log y! es (7) (12-41) 


From the discussion in Sec. 12-4, we conclude that the first term represents a 
horizontal line, the second term has an asymptote passing through f = f, with 
a positive slope of 6 dB per octave, and the third term has an asymptote pass- 
ing through f = f,, with a negative slope of the same magnitude. These lines 
are shown dashed in Fig. 12-15, and the idealized Bode plot is obtained by 
adding the three asymptotes together to form the shaded-broken-line continu- 
ous curve. Note that, for f > f>, the result of adding a gain which increases 
6 dB per octave to a gain which decreases 6 dB per octave gives a constant 
gain. Jor f>>f,, the gain must approach its midband value A», and hence 
the horizontal line for f > fp occurs at 20 log |Av/A.| = 0 dB, as indicated. 

The Bode amplitude response curve for the amplifier of Fig. 12-14a is 
plotted in Fig. 12-16. The asymptotic behavior discussed in Fig. 12-4 is now 
included as the shaded-broken-line plot. 


Ay 


20 log A 
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Fig. 12-15 The idealized 20 log 
Bode amplitude plot for / 
a transfer function with 


A 
‘| f 


one zero f = f, and one 
pole f = f,. The indi- 


vidual asymptotes are R 
-20 loa (1 + F) 

shown dashed, and the R 

resultant is drawn as a f, ra i, log f 

shaded continuous s 

broken-line plot. \-6 aB/octave 


\ 
aS 
XN 


Remembering that f, > f. and using Eqs. (12-39) and (12-40), the mag- 
nitude of Ay/A, becomes, for f = fp, 


Ay iN eS of 
Ao 


“T+R7RViti VW 
Hence f =f, is that frequency at which the gain has dropped 3 dB. Thus 
the low 3-dB frequency fz is approximately equal to f,. If the condition 


‘ | 
=3 
-10 | 
foal 
uo} 
él o 
Is 
B -20 
o 
aA 
-30 
-33.5) 
n =, . I 
0.1 1.0 fo 10 fp 100 1,000 f, Hz 


Fig. 12-16 The frequency response of an amplifier with a bypassed 
emitter resistor. The numerical values correspond to the com- 


ponent values given below Eq. (12-40). 
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fo > fo is not satisfied, then fr # fp. As a matter of fact, a 3-dB frequency 
may not exist (Prob. 12-24). 


Square-wave Response If f, > f., the network in Fig. 12-14 behaves 
like a single-time-constant circuit and the percentage tilt to a square wave is 
given by Eq. (12-24), or 


1+ R'/R 


— Se pee EL : 
P =? x 100 = “Frege X 100% 244) 
Since R’/R > 1, 
Pw R’ X 100 _ 1 + hye x 100% (12-43) 


OCRR,  2fC(Ra + hie) 


Practical Considerations Let us calculate the size of C, so that we may 
reproduce a 50-Hz square wave with a tilt of less than 10 percent. Using the . 
parameters given above, we obtain 


(51) (100) 


Cs (2)(50) (1,100) (10) 


F = 4,600 pF 


Such a large value of capacitance is impractical, and it must be concluded 
that if very small tilts are to be obtained for very low frequency signals, the 
emitter resistor must be left unbypassed. The flatness will then be obtained 
at the sacrifice of gain because of the degeneration caused by R.. If the loss in 
amplification cannot be tolerated, 2, cannot be used. 

Electrolytic capacitors are often used as emitter or source bypass capaci- 
tors because they. offer the greatest capacitance per unit volume. It is impor- 
tant to note that these capacitors have a series resistance which arises from the 
conductive losses in the electrolyte. This resistance, typically 1 to 20 2, must 
be taken into account in computing the midband gain of the stage. 


Response Due to Both Emitter and Coupling Capacitors If in a given 
stage both C, and the coupling capacitor C, are present, we can assume, first, C; 
to be infinite and compute the low 3-dB frequency due to C; alone. We then 
calculate fr due to C, by assuming C, to be infinite. If the two cutoff frequen- 
cies are significantly different (by two octaves or more), the higher of the two 
is approximately the low 3-dB frequency for the stage. 

If a dominant pole does not exist at low frequencies, the response must be 
obtained by writing the network equations for a sinusoidal excitation (s = j2mf) 
and with both C, and C, finite. The transfer function V./V, is plotted as a 
function of frequency, and the low 3-dB frequency is read from this plot. 
This general method of solution is illustrated (at the high-frequency end of the 
spectrum) in the following section. 

The low-frequency analysis of an FET amplifier with a source resistor 2, 
bypassed with a capacitor C, is considered in Prob. 12-27. 
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12-10 HIGH-FREQUENCY RESPONSE OF TWO CASCADED CE 
TRANSISTOR STAGES? 


The high-frequency analysis of a single-stage CE transistor amplifier, or the 
last stage of a cascade, is given in detail in Secs. 11-7 and 11-8. We have since 
established that there is interaction between CE cascaded transistor stages. 
The analysis of a multistage amplifier is complicated and tedious. Fortu- 
nately, it is possible to make certain approximations in the analysis, and thus 
reduce the complexity of bandwidth calculations while keeping the error under 
approximately 20 percent. 

Figure 12-1la shows two CE transistors in cascade. For high-frequency 
calculations each transistor is replaced by its small-signal hybrid-II model, as 
indicated in Fig. 12-17. The elements gs. and (ce have been deleted, because, 
as demonstrated in Sec. 11-6, their omission introduces little error. We have 
included a voltage source V, with R, = 50 @ and have assumed that capacitors 
Cy, and C, represent short circuits for high frequencies. The base biasing 
resistors R, and Rz in Fig. 12-1la are assumed to be large compared with Fy. 
The symbol R11 represents the parallel combination of Ri, Mz, and collector 
circuit resistance R. of the first stage. The symbol Az, is the total load resis- 
tance of the second stage. A complete stage is included in each shaded block. 

The network can be described by four nodal equations. If 


Ri = Rot re = 1/4, Gir = 1/Ria, Gre = 1/Rxe, and gu = 1/row 
these equations are 
GY = (G; + Gore + s(Ce a C)V 1 = sC. Vo 
O = (9m — 8Co)V1 + (Gar + gee + 8C2) Va — goorVs 


0 = —ger Ve + [gre + gor + 8(Co + Co)|Va — sCeVa 
0 = Gm — 8C)Vs + (Gre + sCc) Va 


(12-44) 


Fig. 12-17 Two-stage interacting CE amplifier (gm = 50 mA/Y). 
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We can find the transfer gain V./V, from these equations by recalling Cramer’s 


rule, 
V4 oy G, Avs 


Ve A 


A= = transfer function (12-45) 
where A is the determinant of the set of equations, and Ay is the minor formed 
by removing the first row and fourth column of the complete determinant. 
Thus we see that the poles of the transfer function are given by the zeros of the 
determinant A = 0, and the zeros of the transfer function are given by the 
zeros of the minor Ai, = 0. So much effort is required to find the poles and 
zeros that it is advisable to use a computer. There are several computer 
programs? for finding roots of determinants. 

The transfer function V4,’V, of Fig. 12-17 must have four poles since the 
network contains four independent energy storage elements (in the sense that 
there exists no loop formed exclusively of capacitors). In addition, the C, 
capacitance for each of the two transistors provides a short circuit to ground as 
s— o, and thus V4/V,— 1,s?. as s > «©. Hence we must have two zeros in 
addition to the poles. The values of the zeros for the circuit of Tig. 12-17 
can be found by inspection. If, for some value of s, say s;, Vi is zero, the 
current fed through C. must be equal to g,V3. Hence 


ssCeV3 a ImVa (12-46) 


and the zero is 85 = gn/C.. Similarly, for Q1, the zero is ss = gn/Ce. The 
transfer function now has the form 

K(s — 85)(8 — 86) 
(s — si)(s 82) (8 83) (s $4) 


Using one of the standard computer programs to solve A = 0, we find for the 
numerical values given in Fig. 12-17 that the poles are given by 


8; = —0.00342 X 10° rad/s 8. = —0.0670 X 10° rad/s 
8, = —0.680 X 10° rad/s $1 = —4.21 X 10° rad/s 


A= 


(12-47) 


The zeros are 
$5 = 8 = Im _ 16.65 X 10° rad/s 


The program used to obtain the poles and zeros is CORNAP.* This computer 
program is a network-analysis routine that finds the state equations, the transfer 
function, and the frequency response of a general linear active network. The 
frequency response of the amplifier shown in Fig. 12-17 as obtained using 
CORNAP is plotted in Tig. 12-18. From the frequency-response curve we 
can read the high 3-dB frequency of the amplifier as fy, = 540 kHz. 

The two transistors in Pig. 12-17 were assumed to have identical parame- 
ters. This condition simplifies the notation somewhat, but is not an essential 
restriction. ‘The general method of analysis outlined above is equally valid for 
nonidentical transistors. 
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10 20 30 40 5060 80100 200 300400 600 1000 
f, kHz 


Fig. 12-18 Computer-obtained frequency response of two 
stage amplifier. 


Dominant Pole In the above example we observe that one of the poles, 
8, = —0.00342 & 10° rad/s, is much lower than the other poles and zeros, 
and hence is the dominant pole. From our discussion of Bode plots in 
Sec. 12-4, we recognize that if all other poles or zeros are at least two octaves 
away, the response is down 3 dB at the dominant pole. Hence the upper 
3-dB frequency for the amplifier is given, approximately, by the dominant, pole 


_ —s1 _ 9.00342 x 10° 
2a 2r 


Hz = 545 kHz 
which is essentially the same value read from the curve. 


Two-stage-cascade Simplified Analysis If a computer is not available 
to help with the computations, we must make simplified assumptions in order 
to proceed with the analysis. We follow the method outlined in Sec. 11-8. 

The effect of C. is approximated using Miller’s theorem and the midband 
value of the stage gain. Thus C, of Qs is replaced by a capacitance 


CAL + gmitr2) = 3(1 + 50 X 2) = 303 pF 
across the input of Q2. Similarly, C. of Q1 is replaced by 
Cll + gmiral| (re + re)] = 30. + 50 X 0.709) = 109 pF 


across the input of Q1. The circuit is now considerably simplified since, as 
shown in Fig. 12-19, there are only two independent capacitors in the network, 
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Fig. 12-19 Two-stage interacting CE amplifler using Miller approximation. 


The transfer function can be obtained from Fig. 12-19 by writing the four 
nodal equations. These are quite simple (Prob. 12-28) and result in 


A= ys = 2800 (12-48) 


; ff = 
( +I EBB xX =) ( +I 5R5 x am) 


Clearly, we have a dominant pole at fi = 585 kHz, and thus this is the 
approximate high 3-dB frequency of the two-stage cascade. 

We note that the simplified analysis yields a value for the bandwidth 
which is higher than the 540 kHz obtained using the exact method, by 8 percent. 


12-11 MULTISTAGE CE AMPLIFIER CASCADE 
AT HIGH FREQUENCIES 


Regardless of the number of stages in an amplifier chain, the general method 
of solution is that given in the preceding section. Of course, the larger the 
number of stages, the greater is the computational complexity. We shall now 
outline the analysis of the three-stage CE. cascade. © Figure 12-20a shows the net- 
work with each transistor replaced by its small-signal model for high-frequency 
analysis. We assume that all transistors are identical with g, = 50mA/V. 
We desire to calculate and plot the transfer function V./V, as a function of 
frequency. If we write nodal equations for nodes Vi through V.¢, we obtain a 
system of six equations in six unknowns similar to Eqs. (12-44). Clearly, due 
to the six independent capacitors, the transfer function must have six poles. 
In addition, three zeros must also be present, because each one of the three 
emitter capacitors causes V, > 1/s* as s—> ©. Thus the transfer function is 
of the form 


V, CAQen Ua) 
Vv. '@-se = eae nee a Cen 


The zeros of this equation can be obtained by inspection of this particular 
network, as we explained in the preceding section. To obtain the poles, we 


Sec. 12-11 MULTISTAGE AMPLIFIERS / 399 


must solve for the zeros of the network determinant, and since this determinant 
is of order six by six, the amount of computational labor required is prohibitive 
without the aid of a digital computer. 

Using the program CORNAP, not only are the poles, zeros, and the gain 
constant K obtained, but the magnitude, phase, and the derivative of the phase 
with respect to frequency (this is the delay introduced by the amplifier) are 
also computed. 

Assuming identical stages and using the same parameter values as in the 
amplifier in Fig. 12-17, the computer gives the following values for the poles: 


8; = —27.5 XK 105 rad/s $2 = —13.3 X 108 rad/s 
S83 —7.75 X 107 rad/s Sa —6.80 X 10° rad/s 
85 = —39.7 X 10° rad/s 86 = —44.2 & 108 rad/s 


il 
ll 


and the zeros: 

St = Ss = Sp = 16.6 X 10° rad/s 
In Fig. 12-21 is plotted the frequency response, from which we find that the 
high 3-dB frequency is 420 kHz. 


R, Te V, Ca Vv, Tw! V, Ca V, "wt V, Ca V, 


150 2 Vv, ¥, 02 Vz V, 1002 V, Ve 


(6) 


Fig. 12-20 (a) Three-stage interacting amplifier; (b) noninteracting Miller ap- 
proximation of (a). 
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Fig. 12-21 Exact and approximate frequency response of 
three-stage CE amplifier. 


Approximate Analysis We now perform an approximate analysis of the 
previous amplifier. We replace C.; by the Miller capacitance 


Cos + gmftis) = 3(1 + 50 X 2) = 303 pF 


shunting Cea. Similarly, we replace C.. and Ci with Miller capacitances of 
109 pF shunting C.2 and C.1, respectively. Thus we obtain the simplified 
circuit of Fig. 12-206, frora which we obtain the transfer function (with f 
expressed in megahertz) 


4 
ee 90.5 X 10 (12-50) 


Vv, . f . ft . f 
(1+ 5gan) (147 cha) (1 +5 sf) 
The plot of Eq. (12-50) is shown in Fig. 12-21. We find that two of the poles 
are closer together than four octaves, and hence this amplifier does not have a 
dominant pole. We use the plot to deduce the upper 3-dB frequency. From 
Fig. 12-21 we read fi = 480 kHz as compared with fy = 420 kHz, obtained 
using the exact six-pole transfer function, an overestimate of 14 percent. 


We can avoid the effort of plotting Eq. (12-50) if we use the result of 
Eq. (12-31). In this case we have 


1 1\ 1\? 1\ 
Go (ces) + (4) a es 


or fu = 0.466 MHz = 466 kHz, as compared with fy = 480 kHz from Fig. 12-21. 
It is instructive to recall that in Sec. 11-8 we found that fi of a single 
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stage using the transistor of the above example and R, = 500, R, = 2K, is 
fu = 2.8 \IHz. Two identical stages cascaded result in fy = 540kHz. If 
these two stages were noninteracting, each with fy = 2.8 MHz, the overall 
bandwidth would be fy = 0.64 X 2.8 MHz = 1.79 MHz, using Eq. (12-26). 
Similarly, for the three-stage noninteracting amplifier, we would obtain 
fu = 0.51 X 2.8 MHz = 1,43 MHz, as compared with the value fz, = 420 kHz 
of the three-stage interacting amplifier. The capacitive loading of one stage on 
the preceding one reduces the upper 3-dB frequency drastically. 


12-12 NOISE 


It is found that there is an inherent limit to the amplification obtainable 
from an amplifier, because even when there is no signal impressed at the input, 
a small output, called amplifier noise,’ is obtained. If, therefore, only a very 
small voltage is available, such as a weak radio, television, radar, ete., signal, 
it may be impossible to distinguish the signal from the background noise. 
The term noise arises from the fact that, with no input, the output from the 
loudspeaker of an audio amplifier with the gain control set at a maximum is an 
audible hiss or crackle. In the case of a video amplifier, the term snow is often 
used in place of noise, because of the snowlike appearance on a TV screen when 
the set is tuned to a weak station. The various noise sources in an amplifier 
are now considered. 


Thermal, or Johnson, Noise® The electrons in a conductor possess varying 
amounts of energy by virtue of the temperature of the conductor. The slight 
fluctuations in energy about the values specified by the most probable distribu- 
tion are very small, but they are sufficient to produce small noise potentials 
within a conductor. These random fluctuations produced by the thermal 
agitation of the electrons are called the thermal, or Johnson, noise. The rms 
value of the thermal-resistance noise voltage V, over a frequency range 
fu — fu is given by the expression 


V,2 = 4kTRB (12-51) 
where i = Boltzmann constant, J/°K 
fT = resistor temperature, °K 
i = resistance, 2 


B = fa — f. = bandwidth, Hz 
It should be observed that the same noise power exists in a given bandwidth 
regardless of the center frequency. Such a distribution, which gives the same 
noise per unit bandwidth anywhere in the spectrum, is called white noise. 
If the conductor under consideration is the input resistor to an ideal 
(noiseless) amplifier, the input noise voltage to the amplifier is given by Eq. 
(12-51). An idea of the order of magnitude of the voltage involved is obtained 
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by calculating the noise voltage generated in a 1-M resistance at room tem- 
perature over a 10-kHz bandpass. Equation (12-51) yields for V, the value 
13 %V. Clearly, if the bandpass of an amplifier is wider, the input resistance 
must be smaller, if excessive noise is to be avoided. Thus, if the amplifier 
considered is 10 MHz wide, its input resistance cannot exceed 1,000 Q if the 
fluctuation noise is not to exceed that of the 10-kHz audio amplifier. 

It is obvious that the bandpass of an amplifier should be kept as narrow as 
possible (without introducing excessive frequency distortion) because the noise 
power is directly proportional to the bandwidth. The noise output voltage 
squared from the amplifier due to R, only is given by Eq. (12-51) provided that 
the value of V,? is multiplied by |Ay.|? and that the noise bandwidth B, is 
defined by 


1 2 ; : 
B= gyp hy lAvWl af (12-52) 


Shot, or Schottky, Noise’ Shot noise is attributed to the discrete-particle 
nature of current carriers in semiconductors. Normally, one assumes that the 
current in a transistor or FET under de conditions is a constant at every instant. 
Actually, however, the current from the emitter to the collector consists of a 
stream of individual electrons or holes, and it is only the time-average flow 
which is measured as the constant current. The fluctuation in the number of 
carriers is called the shot noise. The mean-square shot-noise current in any 
device is given by 


I,? = ql PB (12-53) 


where g = electronic charge magnitude 
Tao = de current 
B = bandwidth 
If the load resistor is #1, a noise voltage of magnitude J,fz will appear across 
the load. 


Noise Figure <A noise figure NF has been introduced in order to be able 
to specify quantitatively how noisy a device is. By definition, NF is the ratio 
of the noise power output of the circuit under consideration to the noise power 
output which would be obtained in the same bandwidth if the only source 
of noise were the thermal noise in the internal resistance 7, of the signal source. 
Thus the noise figure is a quantity which compares the noise in an actual 
amplifier with that in an ideal (noiseless) amplifier. Usually, NF is expressed 
in decibels. 

We define the following symbols: 


Sp:(Sy:) = signal power (voltage) input 


Np(Ny,) = noise power (voltage) input due to R, 
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Sp.(Svo.) = signal power (voltage) output 


Np.(Nv.) = noise power (voltage) output due to A, and any noise 
sources within the active device 


From Eq. (12-51), Nvi = Vn = (4ETR.B)}. 
From the definition of noise figure 


hat total noise power output =__ N po 
la noise power output due to A, Bt ApN p; ns 
where the power gain of the active device is Ap = Spo/Sp:. Hence 
N poSpi Spi/N pi 
NF = 10 log a a 10 log = — Bp./N re (12-55) 


The quotient Sp/Np is called the signal-to-noise power ratio. The noise 
figure is the input signal-to-noise power ratio divided by the output signal-to- 
noise power ratio. Expressed in decibels, the noise figure is given by the 
input signal-to-noise power ratio in decibels minus the output signal-to-noise 
power ratio in decibels. Since the signal and noise appear across the same 
load, Eq. (12-55) takes the form 


Svi/Nvi Svi 
i Jite EN 


where Sy/Ny is called the signal-to-noise voltage ratio. 


Sve 


NF = 20 log 20 log Vr. 


(12-56) 


Measurement of Noise Figure A very simple method’ for measuring 
the noise figure of an active device @ is indicated in Fig. 12-22. An audio 
sinusoidal generator V, with source resistance A. is connected to the input of 
Q. The active device is cascaded with a low-noise amplifier and a filter, and 
the output of this system is measured on a true rms reading voltmeter M. 
The experimental procedure for determining NF is as follows: 


1. Measure R, and calculate Ny; = V. from Eq. (12-51). The bandwidth 
B is set by the filter. 

2. Adjust the audio signal voltage so that it is ten times the noise voltage: 
V, = 10V, or Sy; = 10Ny;. Measure the output voltage with 7. For sucha 


Low -noise 


Fig. 12-22 A system used to measure the noise figure of an active 


device Q. 
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Fig. 12-23 Noise figure of a 2N3964 transistor. (a) Broadband noise figure as a 
function of source resistance, (b) Spot noise figure as a function of frequency. 
(Courtesy of Fairchild Semiconductor Corp.) 


large signal-to-noise ratio (Sy:/Ny; = 20 dB), we may neglect the noise and 
assume that the voltmeter reading gives the signal output voltage Sy.. 

3. Set V. = 0 and measure the output voltage Ny, with J/. 

4, From Eq. (12-56) the noise figure is given by 


NF = 20 — 20 log ore (12-57) 
Vo 


where Sy, and Ny. are the meter readings obtained in measurements 2 and 3, 
respectively. 


The low-noise amplifier is required only if the noise output of @ is too 
low to be detected with Af. It should be pointed out that the amplifier- 
filter combination does not affect NF (for a given B) since the ratio Syo/Nvo 
is used in Eq. (12-57). 

The accuracy of the method deseribed is based on the assumption that 
the output signal and noise can be measured separately. This is not strictly 
true since the noise cannot be turned off while measuring the output signal. 
It is found? that for a 20-dB input signal-to-noise ratio, transistor noise figures 
may be measured up to 10 dB with less than 0.5 dB error. The larger the 
Svi,Ny,, the smaller is the error in this measurement. Usually, the output 
signal voltage is monitored on an oscilloscope to make certain that the system 
operates linearly so that no clipping takes plaee and no 60-Hz hum is present. 

If a filter with a very narrow bandwidth (a few hertz) is used, the foregoing 
measurement gives the spol, single-frequency, or incremental noise figure. On 
the other hand, if the filter bandwidth is large (from f: = 10 Hz to fo = 10kHz), 
the circuit of Vig. 12-22 gives the broadband or integrated noise jigure. Other 
methods of measuring NF are available,*® but these have the disadvantage of 
requiring a calibrated noise generator. 


Transistor Noise!” In addition to thermal noige in a transistor, there is 
noise due to the random motion of the carriers crossing the emitter and collector 
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junetions and to the random recombination of holes and electrons in the base. 


There is also a partition effect arising from the random fluctuation in the 
division of current between the collector and base. Itis found that a transistor 
does not generate white noise, except over a midband region. Also, the amount 
of noise generated depends upon the quiescent conditions and the source 
resistance. Hence, in specifying the noise in a transistor, the center frequency, 
the operating point, and #, must be given. 

Figure 12-23a and b show the noise figure vs. source resistance and fre- 
quency for the 2N3964 diffused planar resistor. There are three distinct 
regions in Fig. 12-23b. At low frequencies the noise varies approximately 
as 1/f, and is called excess, or flicker, noise. The source of this noise is not 
clearly understood, but is thought to be caused by the recombination and 
generation of carriers on the surface of the crystal. In intermediate frequencies 
the noise is independent of frequency. This white noise is caused by the 
bulk resistance of the semiconductor material and the strtistical variation of 
the currents (shot noise). The third region in Fig. 12-236 is characterized 
by an increase of the noise figure with frequency, and is essentially caused 
by a decrease in power gain with frequency. 


FET Noise!! The field-effect transistor exhibits excellent noise charac- 
teristics. The main sources of noise in the FET are the thermal noise of the 
conducting channel, the shot noise caused by the gate leakage current, and the 
1/f noise caused by surface effects. 

The noise figure vs. frequency for the 2N2497 FET transistor is shown 
in Fig. 12-24. It should be pointed out that, unlike the bipolar transistor, 
the noise figure of the FET is essentially independent of the quiescent point 
(Ip and Vpg). 
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REVIEW QUESTIONS 


12-1 Define the following modes of operation of an amplifier: (a) Class A; 


(b) Class B; (c) Class AB; (d) Class C. 


12-2 Define the following types of distortion: (a) nonlinear; (d) Frequency; 


(c) phase-shifi distortion. 


12-3 Under what conditions does an amplifier preserve the form of the input 


signal? 


12-4 (a) Define the frequency-response magnitude characteristic of an amplifier. 
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(b) Sketch a typical response curve. (c) Indicate the high and low 3-dB frequencies. 
(d) Define bandwidth. 

12-5 (a) For a low-pass single-pole amplifier, sketch the Bode magnitude plot 
and its piecewise linear approximation. (6) Repeat for the Bode phase plot. (c) 
What are the slopes of the idealized Bode plots? (d) What are the corner frequencies, 
in both plots? 

12-6 Repeat Rev. 12-5 for a single-zero transfer function. 

12-7 Repeat Rev. 12-5 for a two-pole transfer function. 

12-8 Define dominant pole. 

12-9 (a) Sketch the high-frequency sfep response of a low-pass single-pole ampli- 
fier. (b) Define the rise time t,, (c) What is the relationship between é, and the high 
3-dB frequency fr? 

12-10 (a) The input to a low-pass amplifier is a pulse of width é,. Sketch the 
output waveshape. (b) What must be the relationship between fp and fx in order to 
amplify the pulse without excessive distortion? 

12-11 (a) Sketch the response of an amplifier to a lowe frequency square wave. 
(b) Define tilt. (c) How is the tilt related to the low 3-dB frequency fr? 

12-12 Derive the expression for the high 3-dB frequency J# of n identical non- 
interacting stages in terms of fx for one stage. 

12-13 (a) Is f# for two stages greater or smaller than fy for a single stage? 
Explain. (b) Repeat for fi versus fz. 

12-14 (a) Give an approximate expression relating f# and the 3-dB frequencies 
of 2 nonidentical stages. (b) For two identical stages, what is fi,/fz? Repeat for 
three stages. 

12-15 Give an approximate relationship between the output rise time i,, the 
rise time t,. of an input signal, and the rise times of m nonidentical stages. 

12-16 (a) Sketch two RC-coupled CE transistor stages. (b) Show the low- 
frequency model for one stage. (c) What is the expression for f1? 

12-17 Repeat Rev. 12-16 for CS JFET stages. 

12-18 (a) An amplifier with a bypassed emitter resistor has a transfer function 
consisting of one pole and one zero. Explain why, qualitatively (write no equations). 
(b) Sketch the Bode amplitude plot for the case where the pole and zero are widely 
separated. (c) Does f, always exist? Explain. 

12-19 (a) Outline the general method for obtaining the high-frequency response 
of two interacting transistor amplifier stages. (0) Outline an approximate method of 
solution. 

12-20 (a) Fora cascade of n transistor CE stages, how many poles will the voltage 
transfer function have? Explain. (8) Repeat for the number of zeros. 

12-21 (a) What is meant by amplifier noise? (b) Define whiie noise. 

12-22 (a) Define thermal or Johnson noise. (b) Upon what factors does the 
noise voltage depend? 

12-23 (a) Define shot noise. (b) Upon what factors does the shot noise current 
depend? . 

12-24 Define (a) notse figure; (b) signal-to-noise ratio. 

12-25 Derive the expression for the noise figure in terms of the input and out- 
put signal-to-noise ratios. 

12-26 List 4 sources of noise in a transistor. 

12-27 List 3 sources of noise in a FET. 


FEEDBACK AMPLIFIERS 


In this chapter we introduce the concept of feedback and show how to 
modify the characteristics of an amplifier by combining a portion of 
the output signal with the external signal. Many advantages are to 
be gained from the use of negative (degenerative) feedback, and these 
are studied. Examples of feedback amplifier circuits at low frequencies 
are given, but the frequency response of feedback amplifiers is deferred 
to the following chapter. 


13-1 CLASSIFICATION OF AMPLIFIERS 


Before proceeding with the concept of feedback, it is useful to classify 
amplifiers into four broad categories,! as either voltage, current, trans- 
conductance, or transresistance amplifiers ‘This classification is based 
on the magnitudes of the input and output impedances of an amplifier 
relative to the source and load impedances, respectively. 


Voltage Amplifier Figure 13-1 shows a Thévenin’s equivalent 
circuit of a two-port network which represents an amplifier. If the 
amplifier input resistance A; is large compared with the source resistance 
A. then V; ~ V;. If the external load resistance Rx is large compared 
’ with the output resistance R, of the amplifier, then V, ~ A,V; = A,V,. 
This amplifier provides a voltage output proportional to the voltage 
input, and the proportionality factor is independent of the magnitudes 
of the source and load resistances. Such a circuit is called 4 voltage 
amplifier, An ideal voltage amplifier must have infinite input resis- 
tance #,; and zero output resistance R.. The symbol A, in Fig. 13-1 
represents V./V:, with Ry = «©, and hence represents the open-circuit 
voltage amplification, or gain. 


408 
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Fig. 13-1 Thévenin’s equivalent cir- 
cuits of a voltage amplifier. 


Current Amplifier An ideal current amplifier! is defined as an amplifier 
which provides an output current proportional to the signal current, and the 
proportionality factor 1s independent of R, and Rr. An ideal current amplifier 
must have zero input resistance A; and infinite output resistance R.. In 
practice, the amplifier has low input resistance and high output resistance. 
It drives a low-resistance load (A. >> Rx), and is driven by a high-resistance 
source (R; « R,). Figure 13-2 shows Norton’s equivalent circuit of a cur- 
rent amplifier. Note that A; = I,/I,, with Ri = 0, representing the short- 
circuit current amplification, or gain. We see that if R; « R,, I; ~ I., and if 
Ro > Ri, In, = Ad; = Ads. Hence the output current is proportional to the 
signal current. The characteristics of the four ideal amplifier types are sum- 
marized in Table 13-1. 


TABLE 13-1 Ideal amplifler characteristics 


Amplifier type 


Parameter Voltage Current | Transconductance | Transresistance 
DG Sigs he 2 eee Ee et dos Ot cs) 0 co) 0 
ee tet ee 0 % C 0 
Transfer characteristic. .|V. = A.V, | In = Ail In =GaVs Vo = Bale 
Reference.............. Fig. 13-1 Fig. 13-2 Fig. 13-3 Fig. 13-4 


Transconductance Amplifier The ideal transconductance amplifier! 
supplies an output current which is proportional to the signal voltage, inde- 


Fig. 13-2. Norton’s equivalent cir- 
cuits of a current amplifier. 
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R;>>R, 
Ro>> Rr bene Fig. 13-3 A transconductance am- 
R, — . . ‘ L£ 
plifier is represented by a Théve- 
nin’s equivalent in its input circuit 
and a Norton’s equivalent in its 
output circuit, 


pendently of the magnitudes of R, and Rz. This amplifier must have an 
infinite input resistance R; and infinite output resistance R.. A practical 
transconductance amplifier has a large input resistance (R; >> R.) and hence | 
must be driven by a low-resistance source. It presents a high output resist- 
ance (2, > Rr) and hence drives a low-resistance load. The equivalent cir- 
cuit of a transconductance amplifier is shown in Fig. 13-3. 


Transresistance Amplifier Finally, in Fig. 13-4, we show the equiva- 
lent circuit of an amplifier which ideally supplies an output voltage V, in pro- 
portion to the signal current Z, independently of R; and Ry. This amplifier is 
called a transresistance amplifier. For a practical transresistance amplifier we 
must have R; < #, and R, « Ry. Hence the input and output resistances are 
low relative to the source and load resistances. From Fig. 13-4 we see that if 
Re Ri, 1, ~ I, andif Ro K& Ri, Vo = Rudi ~ Rals. Note that Ry = V./T, 
with R, = ©. In other words, R» is the open-circuit mutual or transfer 
resistance. 


13-2 THE FEEDBACK CONCEPT? 


In the preceding section we summarize the properties of four basic amplifier 
types. In each one of these circuits we may sample the output voltage or 
current by means of a suitable sampling network and apply this signal to the 
input through a feedback two-port network, as shown in Fig. 13-5. At the 
input the feedback signal is combined with the external (source) signal through 
a mixer network and is fed into the amplifier proper. 


R<<R, 
Ro<<R, 


Fig. 13-4 A transresistance amplifier is 
represented by a Norton's equivalent in 
its input circuit and a Thévenin's equiva- 
lent in its output circuit. 
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Fig. 13-5 Representation of any single-loop feedback connection around a basic 
amplifier. The transfer gain A may represent Ay, Ar, Gy, or Ry. 


Signal Source This block in Fig. 13-5 is either a signal voltage V, in 
series with a resistor 2, (a Thévenin’s representation as in Fig. 13-1) or a signal 
current J,in parallel with a resistor 2, (a Norton’s representation asin Fig. 13-2). 


Feedback Network This block in Fig. 13-5 is usually a passive two-port 
network which may contain resistors, capacitors, and inductors. Most often 
it is simply a resistive configuration. 


Sampling Network Two sampling blocks are shown in Fig. 13-6. In 
Fig. 13-64 the output voltage is sampled by connecting the feedback network 
in shunt across the output. This type of connection is referred to as voltage, 
or node, sampling. Another feedback connection which samples the output 


Voltage Current 
sampler L sampler 
° e 


Basic 
RK, Y, amphfie1 R, 


}- A 


Basic 
amplifier 


Feedback 
network 
A 


Fetdback 
network 
ol 


(a) (b) 


Fig. 13-6 Feedback connections at the output of a basic amplifier, sampling the 
output (a) voltage and (b) current. 
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current is shown in Fig. 13-6), where the feedback network is connected in 
series with the output. This type of connection is referred to as current, or 
loop, sampling. Other sampling networks are possible. 


Comparator, or Mixer, Network Two mixing blocks are shown in 
Fig. 13-7. Figure 13-7a and b shows the simple and very common series (loop) 
enpui and shunt (node) input connections, respectively. A differential amplifier 
(Sec. 15-2) is often also used as the mixer. Such an amplifier has two inputs 
and gives an output proportional to the difference between the signals at the 
two inputs. 


Transfer Ratio, or Gain The symbol A in Fig. 13-5 represents the ratio 
of the output signal to the input signal of the basic amplifier. The transfer 
ratio V/V; is the voltage amplification, or the voltage gain, Ay. Similarly, the 
transfer ratio I/Z; is the current amplification, or current gain, A; for the 
amplifier. The ratio Z/V; of the basic amplifier is the transconductance Gr, 
and V/J; is the transresistance Ry. Although Gr and Ry are defined as the 
ratio of two signals, one of these is a current and the other is a voltage wave- 
form. Hence the symbol Gr or Ry: does not represent an amplification in the 
usual sense of the word. Nevertheless, it is convenient to refer to each of the 
four quantities Ay, Az, Gy, and Ry as a transfer gain of the basic amplifier 
without feedback and to use the symbol A to represent any one of these quantities. 

The symbol A; is defined as the ratio of the output signal to the input 
signal of the amplifier configuration of Tig. 13-5 and is called the transfer gain 
of the amplifier with feedback. Hence A, is used to represent any one of thefour 
ratios V.,/V; = Avy, Do/I, = Ary, 1o/Vs = Gas, and V./I, = Ru; The rela- 


Fig. 13-7 Feedback connections at the input of a basic amplifier. (a) Series com-- 
parison, (b) Shunt mixing. 
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Fig. 13-8 Schematic representation of a single-loop feedback amplifler. 


tionship between the transfer gain A, with feedback and the gain A of the ideal 
amplifier without feedback is derived below [Eq. (13-4)]. 


Advantages of Negative Feedback When any increase in the output 
signal results in a feedback signal into the input in such a way as to cause a 
decrease in the output signal, the amplifier is said to have negative feedback 
The usefulness of negative feedback lies in the fact that, in general, any of the 
four basic amplifier types discussed in Sec. 13-1 may be improved by the proper 
use of negative feedback. For example, the normally high input resistance of a 
voltage amplifier can be made higher, and its normally low output resistance 
can be lowered. Also, the transfer gain A, of the amplifier with feedback can 
be stabilized against variations of the A or hybrid-Il parameters of the transistors 
or the parameters of the other active devices used in the amplifier. Another 
important advantage of the proper use of negative feedback is the significant 
improvement in the frequency response and in the linearity of operation of the 
feedback amplifier compared with that of the amplifier without feedback. 

It should be pointed out that all the advantages mentioned above are 
obtained at the expense of the gain A; with feedback, which is lowered in com- 
parison with the transfer gain A of an amplifier without feedback. Also, under 
certain circumstances, discussed in the next chapter, a negative-feedback 
amplifier may become unstable and break into oscillations. The precautions 
which must be taken to avoid this undesirable effect are given in Chap. 14. 


13-3. THE TRANSFER GAIN WITH FEEDBACK 


Any one of the output connections of Fig. 13-6 may be combined with any of 
the input connections of Fig. 13-7 to form the feedback amplifier of Fig. 13-5. 
The analysis of the feedback amplifier can then be carried out by replacing 
each active element (transistor, FET, or vacuum tube) by its small-signal 
model and by writing Kirchhoff’s loop, or nodal, equations. That approach, 
however, does not place in evidence the main characteristics of feedback. 

As a first step toward a method of analysis which emphasizes the benefits 
of feedback, consider Fig. 13-8, which represents a generalized feedback ampli- 
fier. The basic amplifier of Fig. 13-8 may be a voltage, transconductance, 
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current, or transresistance amplifier connected in a feedback configuration, as 
indicated in Fig. 13-9. The four topologies indicated in this figure are referred 
to as (1) voltage-series feedback, (2) current-series feedback, (3) current-shuni 
feedback, and (4) voltage-shunt feedback. In Fig. 13-8, the source resistance R, 
is considered to be part of the amplifier, and the transfer gain A(Avy, Gu, Az, Ras) 
includes the effect of the loading of the 6 network (as well as Hz) upon the 
amplifier. The input signal X,, the output signal X,, the feedback signal X,, 
and the difference signal Xz, each represents either a voltage or a current. 
These signals and also the ratios A and § are summarized in Table 13-2. The 


TABLE 13-2 Voltage and current signals in feedback amplifiers 


Type of feedback 
Signal or Voltage series Current series Current shunt Voltage shunt 
ratio Fig. 13-94 Fig. 13-95 Fig. 13-9c Fig. 13-9d 
Xo Voltage Current Current Voltage 
Xa, Xy, Xa Voltage Voltage Current Current 
A Ay Gu Ar Ru 
B Vs/Vo V,;/I. I;/Io Iy/Vo 


symbol indicated by the circle in Fig. 13-8 represents a mixing, or comparison, 
network, whose output is the sum of the inputs, taking the sign shown at each 
input into account. Thus 


Xa = Xs = Xy = Xi (13-1) 


Since Xz represents the difference between the applied signal and that fed back 
to the input, Xa is called the difference, error, or comparison, signal. 
The reverse transmission factor § is defined by 


ees (13-2) 


The factor 8 is often a positive or a negative real number, but in general, 8 

is a complex function of the signal frequency. (This symbol should not be 

confused with the symbol 8 used previously for the CE short-circuit current 

gain.) The symbol X, is the output voltage, or the output (load) current. 
The transfer gain A is defined by 


Xo 
».¢ 


By substituting Eqs. (13-1) and (13-2) into (13-3), we obtain for A; the gain 
with feedback, 


Az= 


(13-3) 


Xo A 
ss Aas Aaa eae 


a (13-4) 
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Fig. 13-9 Feedback-amplifier topologies. The source resistance is considered to 
be part of the amplifier. (a) Voltage amplifier with voltage-series feedback. (b) 
Transconductance amplifier with current-series feedback. (c) Current amplifier 
with current-shunt feedback. (d) Transresistance amplifier with yvoltage-shunt 
feedback, 


The quantity A in Eqs. (13-3) and (13-4) represents the transfer gain of the 
corresponding amplifier without feedback, but tneluding the loading of the B 
network, Ry and &,. In the following section many of the desirable features 
of feedback are deduced, starting with the fundamental relationship given’ in 
Eq. (13-4). 

If |A;| < |A|, the feedback is termed negative, or degenerative. If 
|A;| > |Al, the feedback is termed positive, or regenerative. Trom Eq. (13-4) 
we see that, in the case of negative feedback, the gain of the basic ideal amplifier 
with feedback is divided by the factor |1 + @A|, which exceeds unity. 


Loop Gain The signal X2 in Fig. 18-8 is multiplied by A in passing 
through the amplifier, is multiplied by ¢ in transmission through the feedback 
network, and is multiplied by —1 in the mixing or differencing network. Such 
a path takes us from the input terminals around the loop consisting of the 
amplifier and feedback network back to the input; the product — A is called 


416 / INTEGRATED ELECTRONICS Sec. 13-4 


the loop gain, or return ratio. The difference between unity and the loop gain 
is called the return difference D=1-+ Af. Also, the amount of feedback 
introduced into an amplifier is often expressed in decibels by the definition 


N = 4B of feedback = 20 log | z| = 20 lo (13-5) 


ras 
1+ Ag 
If negative feedback is under consideration, N will be a negative number. 


Fundamental Assumptions Three conditions must be satisfied for the 
feedback network of Fig. 13-8 in order that Eq. (13-4) be true and that the 
expressions for input and output resistances (derived in Sees. 13-5 and 13-6) 
be valid. 


1. The input signal is transmitted to the output through the amplifier A 
and not through the 8 network. In other words, if the A is deactivated (say, 
set A = 0 by reducing hy. or gm for a transistor to zero), the output signal must 
drop to zero. 

This first assumption is equivalent to the statement that the system has 
rendered the @ block unilateral, so that it does noi transmit a signal from input 
to output (but only in the reverse direction). This condition is often not 
satisfied exactly because 8 is a passive bilateral network. It is, however, 
approximately valid for practical feedback connections, as we shall verify in 
each of the feedback amplifiers to be considered. 

2. The feedback signal is transmitted from the output to the input through 
the @ block, and not through the amplifier. In other words, the basic amplifier 
is unilateral from input to output and the reverse transmission is zero. Note 
that the amplifiers in Figs. 13-1 to 13-4 satisfy this unilateral condition (such 
is not the case, for example, with a transistor amplifier at low frequencies 
if hye # 0). 

3. The reverse transmission factor 6 of the feedback network is indepen- 
dent of the load and the source resistances Ry and Ry. 


For each topology studied we shall point out the approximations involved. 


13-4 GENERAL CHARACTERISTICS OF 
NEGATIVE-FEEDBACK AMPLIFIERS? 


Since negative feedback reduces the transfer gain, why is it used? The answer 
is that many desirable characteristics are obtained for the price of gain reduc- 
tion. We now examine some of the advantages of negative feedback. 


Desensitivity of Transfer Amplification The variation due to aging, 
temperature, replacement, ete., of the circuit components and transistor or 
FET characteristics is reflected in a corresponding lack of stability of the 
amplifier transfer gain. The fractional change in amplification with feedback 
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divided by the fractional change without feedback is called the sensitivity of 
the transfer gain. If Eg. (13-4) is differentiated with respect +o A, the absolute 
value of the resulting a is 


dA; \5 dA 
As 


(13-6) 


“i Al 


Hence the sensitivity is 1/|1 + 8A|. If, for example, the sensitivity is 0.1, 
the percentage change in gain with feedback is one-tenth the percentage varia- 
tion in amplification if no feedback is present. The reciprocal of the sensitivity 
is called the desensitivity D, or 


D=1+68A (13-7) 


The fractional change in gain without feedback is divided by the desensitivity 
D when feedback is added. [In passing, note that the desensitivity is another 
name for the return difference, and that the amount of feedback is —20 log D 
(Eq. 18-5).] For an amplifier with 20 dB of negative feedback, D = 10, and 
hence, for example, a 5 percent change in gain without feedback is reduced 
to a 0.5 percent variation after feedback is introduced. 

Note from Eq. (13-4) that the transfer gain is divided by the desensitivity 
after feedback is added. Thus 


A 
As = Dd (13-8) 
In particular, if |@A| >> 1, then 
ee ee eR (13-9) 


1+pA fA 8B 


and the gain may be made to depend entirely on the feedback network. The 
worst offenders with respect to stability are usually the active devices (tran- 
sistors) involved. If the feedback network contains only stable passive ele- 
ments, the improvement in stability may indeed be pronounced. 

Since A represents either Ay, Gyr, Ar, or Ry, then Ay represents the cor- 
responding transfer gains with feedback: either Av;, Gay, Ary, or Ruy. The 
topology determines which transfer ratio (Table 13-2) is stabilized. For 
example, for voltage-series feedback, Hq. (13-9) signifies that Av; = 1/8, and 
it is the voltage gain which is stabilized. For current-series feedback, Eq. 
(18-9) is Gary = 1/8, and hence, for this topology, it is the transconductance 
gain which is desensitized. Similarly, it follows from Eq. (13-9) that the cur- 
rent gain is stabilized for current-shunt feedback (Ar; ~ 1/8) and the trans- 
resistance gain is desensitized for voltage-shunt feedback (Ruy; = 1/8). 

Feedback is used to improve stability in the following way: Suppose an 
amplifier of gain A; is required. We start by building an amplifier of gain 
Ae = DA, in which D is a large number. Feedback is now introduced to 
divide the gain by the factor D. The stability will be improved by the same 
factor D, since both gain and instability are divided by the desensitivity D. 
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If now the instability of the amplifier of gain Ae is not appreciably larger than 
the instability of an amplifier of gain without feedback equal to Ay, this pro- 
cedure will have been useful. It often happens as a matter of practice that 
amplifier gain may be increased appreciably without a corresponding loss of 
stability. or example, the voltage gain of a transistor may be increased by 
increasing the collector resistance Re. 


Frequency Distortion It follows from Eq. (13-9) that if the feedback 
network does not contain reactive elements, the overall gain is not a function of 
frequency. Under these circumstances a substantial reduction in frequency 
and phase distortion is obtained. The frequency response of feedback ampli- 
fiers is analyzed in the following chapter. 

If a frequency-selective feedback network is used, so that @ depends upon 
frequency, the amplification may depend markedly upon frequency. For 
example, it is possible to obtain an amplifier with a high-Q bandpass charac- 
teristic by using a feedback network which gives little feedback at the center 
of the band and a great deal of feedback on both sides of this frequency. 


Nonlinear Distortion Suppose that a large amplitude signal is applied to 
a stage of an amplifier so that the operation of the device extends slightly 
beyond its range of linear operation, and as a consequence the output signal is 
slightly distorted. Negative feedback is now introduced, and the input signal 
is increased by the same amount by which the gain is reduced, so that the 
output-signal amplitude remains the same. For simplicity, let us consider 
that the input signal is sinusoidal and that the distortion consists, simply, of a 
second-harmonic signal generated within the active device. We assume that 
the second-harmonic component, in the absence of feedback, is equal to Bo. 
Because of the effects of feedback, a component B2,; actually appears in the 
output. To find the relationship that exists between Boy and Bz, it is noted 
that the output will contain the term — A8B2,, which arises from the component 
—6B., that is fed back to the input. Thus the output contains two terms: 
B,, generated in the transistor, and —A$B2,, which represents the effect of 
the feedback. Hence 


By — ABBa = By 
or 
: By =2 B, 


Bea apa BD 


(18-10) 
Since A and 8 are generally functions of the frequency, they must be evaluated 
at the second-harmonic frequency. 

The signal X, to the feedback amplifier may be the actual signal externally 
available, or it may be the output of an amplifier preceding the feedback stage 
or stages under consideration. To multiply the input to the feedback amplifier 
by the factor |1 + A§l, it is necessary either to increase the nominal gain of the 
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preamplifying stages or to add a new stage. If the full benefit of the feedback 
amplifier in reducing nonlinear distortion is to be obtained, these preamplifying 
stages must not introduce additional distortion, because of the increased output 
demanded of them. Since, however, appreciable harmonics are introduced 
only when the output swing is large, most of the distortion arises in the last 
stage. The preamplifying stages are of smaller importance in considerations 
of harmonic generation. 

It has been assumed in the derivation of Eq. (13-10) that the small amount 
of additional distortion that might arise from the second-harmonic component 
fed back from the output to the input is negligible. This assumption leads to 
little error. Further, it must be noted that the result given by Eq. (13-10) 
applies only in the case of small distortion. The principle of superposition 
has been used in the derivation, and for this reason it is required that the 
device operate approximately linearly. 


Reduction of Noise By employing the same reasoning as that in the 
discussion of nonlinear distortion, it can be shown that the noise introduced in 
an amplifier is divided by the factor D if feedback is employed. If D is much 
larger than unity, this would seem to represent a considerable reduction in the 
output noise. However, as noted above, for a given output the amplification 
of the preamplifier for a specified overall gain must be increased by the factor D. 
Since the noise generated is independent of the signal amplitude, there may be 
as much noise generated in the preamplifying stage as in the output stage. 
Furthermore, this additional noise will be amplified, as well as the signal, by 
the feedback amplifier, so that the complete system may actually be noisier 
than the original amplifier without feedback. If the additional gain required 
to compensate what is lost because of the presence of inverse feedback can be 
obtained by a readjustment of the circuit parameters rather than by the addi- 
tion of an extra stage, a definite reduction will result from the presence of the 
feedback. In particular, the hum introduced into the circuit by a poorly 
filtered power supply may be decreased appreciably. 


13-5 INPUT RESISTANCE‘ 


We now discuss qualitatively the effect of the topology of a feedback amplifier 
upon the input resistance. If the feedback signal is returned to the input in 
series with the applied voltage (regardless of whether the feedback is obtained 
by sampling the output current or voltage), it zcreases the input resistance. 
Since the feedback voltage V; opposes V;, the input current J; is less than 
it would be if Vy; were absent. Hence the input resistance with feedback 
Ry = V./T; (Fig. 13-10) is greater than the input resistance without feedback 
R;. We show below that, for this topology, Ri; = Ri(1 + 8A) = RD. 
Negative feedback in which the feedback signal is returned to the input in 
shunt with the applied signal (regardless of whether the feedback is obtained 
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Ry Ry 
Fig. 13-10 Voltage-series feedback circuit used to calculate input 
and output resistances. 
by sampling the output current or voltage) decreases the input resistance. Since 


I, = I; + 1, (Eq. (13-1)], then the current J, drawn from the signal source is 
increased over what it would be if there were no feedback current. Hence 
Ri = Vi,T. (Fig. 18-11) is decreased because of this type of feedback. We 
show below that, for this topology, Ri = R; (1 + BA) = RD. 

Table 13-3 summarizes the characteristics of the four types of negative- 
feedback. configurations: For series comparison, Ri > Ri, whereas for shunt 
mixing, Ri < R;. 


TABLE 13-3 


Effect of negative feedback on amplifier characteristics 


Type of feedback 


Voltage Current 
series Current series shunt Voltage shunt 
Fig. 13-9a | Fig. 13-9) Fig. 13-9¢ | Fig. 13-94 
Decreases | Increases Increases | Decreases 
Increases | Increases Decreases | Decreases 
Improves characteristics of.| Voltage Transconductance | Current Transresistance 
amplifier | amplifier amplifier | amplifier 
Desensitizes.......-.-.-00-- Ays Gus Ars Ruy 
Bandwidth................ Increases | Increases Increases | Increases 
Nonlinear distortion........ Decreases | Decreases Decreases | Decreases 


Voltage-series Feedback We now obtain Ri quantitatively. 


The 


topology of Fig. 13-9a is indicated in Tig. 13-10, with the amplifier replaced by 


its Thévenin’s model. 


represents the open-cireuit voltage gain laking R. into account. 


In this circuit A, (corresponding to A,s in Chap. 8) 


Since through- 


out the discussion of feedback amplifiers we shall consider A. to be part of the 
amplifier, we shall drop the subscript s on the transfer gain and input impedance 
(A, instead of A,., R; instead of Ris, Riz instead of Riss, Gn instead of Gins, ete.). 
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From Fig. 13-10 the input impedance with feedback is Ri; = V./I;. Also 


Ve = LR + Vs = LR; + BV, (18-11) 
and 
— Aes. pre 
Vo= Re Bp = AylLR; (18-12) 
where 
ee 
a7 = Vi is Ro le Rt oy 
From, Eqs. (13-11) and (13-12) 
Ry = 4 = Ril + Ay) (13-14) 


Whereas A, represents the open-circuit voitage gain without feedback, Eq. 
(13-13) indicates that Ay is the voltage gain without feedback taking the load 
#1 into account. Therefore 


A, = lim Ay (13-15) 


Current-series Feedback Proceeding in a similar manner for the topol- 
ogy of Fig. 13-9b, we obtain 


Rip = Ri + 8Gu) (18-16) 
where 
Gu = lim Gu (18-17) 
Rr-0 
and 


Note that G,, is the short-circuit transconductance, whereas Gy is the trans- 
conductance without feedback taking the load into account. Note that Egs. 
(13-14) and (13-16) confirm that for series mixing Ri > R,. 


Current-shunt Feedback The topology of Fig. 13-9¢ is indicated in 
Fig. 13-11, with the amplifier replaced by its Norton’s model. In this circuit 


Fig. 13-11 Current-shunt feedback circuit used to calculate input and output 


resistances. 
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A; represents the short-circuit current gain taking R, into account. From 
Fig. 13-11 


le=i;4+/4, =1;4+ 81, (13-19) 


and 
a AES gee, 
I, a R4+ Rh = Arl; (13-20) 
where 
= I, ca A:Ro 
av es Rack Re ee 


From Tqs. (13-19) and (13-20) 


I,= (1+ pant: (13-22) 
From Fig. 18-11, Rip = Vi/I, and R: = Vi/I;. Using Eq. (13-22), we obtain 
Ry = ve ae (13-23) 


G+ 6Anl: 1+ BAr 


Whereas A; represents the short-circuit current gain, Eq. (18-21) indicates that 
A; is the current gain without feedback taking the load Ry into account. Therefore 


A; = lim Ar (13-24) 


Rir>0 


Voltage-shunt Feedback Proceeding in a similar manner for the topology 
of Tig. 13-9d, we obtain 


R; 
Be TBR y 1s22) 
where 
a Vo = Rey + 
aia AD ee va) 


Note that #,, is the open-circuit transresistance, whereas Ry is the trans- 
resistance without feedback taking the load into account. Therefore 


R, = lim Ru (13-27) 


Rrvw 


Note that Eqs. (13-23) and (18-25) confirm that for shunt comparison Ry < R:. 
The expressions for Rzy are summarized in Table 13-4. 


13-6 OUTPUT RESISTANCE* 


We now discuss qualitatively the effect of the topology of a feedback amplifier 
upon the output resistance. Negative feedback which samples the output 
voltage, regardless of how this output signal is returned to the input, tends to 
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decrease the ouipui resistance. Tor example, if Rx increases so that V, increases, 
the effect of feeding this voltage back to the input in a degenerative manner 
(negative feedback) is to cause V, to increase less than it would if there were no 
feedback: Hence the output voltage tends to remain constant as Ri changes, 
which means that R.,<« Ri. This argument leads to the conclusion that this 
type of feedback (sampling the output voltage) reduces the output resistance. 

By reasoning similar to that given above, negative feedback which samples 
the output current will tend to hold this current constant. Hence an output- 
current source is created (f?.; >> Rr), and we conclude that this type of sampling 
connection increases the output resistance. 

Insummary (Table 13-3): For voltage sampling, Roy < Ro, whereas for current 
sampling, Roy > Ro. 


Voltage-series Feedback We now obtain quantitatively the resistance 
with feedback F., looking into the output terminals but with Bz, disconnected, 
To find R.; we must remove the external signal (sect V, = 0 or J, = 0), let 
Ry = ©, impress a voltage V across the output terminals, and calculate the 
current I delivered by V. Then Ry = V/I. From Jig. 13-10 we find (with 
V. replaced by V) 


_V—AV:i V+ BAV 


I RB, R, (13-28) 
because, with V,; = 0, Vi = —V; = —8V. Hence 
eV tS 


Note that R, is divided by the desensitivity factor 1 + 8A,, which contains the 
open-circuit voltage gain A, (not Ay). 

The output resistance with feedback Rj, which includes Ry as pari of the 

amplifier is given by Roy in parallel with Rr, or 
Pie Ryht _ Boks 1 > RR, 
¢ Ry + Rp 1+ BA, R/T + BA) + Rt R.+ Rt + BAR, 
_ _ Rfir/ eo + Bt) 
1+ BA,R1/(R. + Rx) 


(13-30) 


Since Rj = R.|[Rx is the output resistance without feedback but with Ri con- 
sidered as part of the amplifier, and using Eq. (13-13) relating Ay to A,, we 
obtain 


f 
f Ry 


of Toh gay (13-31) 


Note that R, is now divided by the desensitivity factor 1 -- 8Ay which contains 
the voltage gain Ay that takes Ry into account. 
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Voltage-shunt Feedback Proceeding as outlined above, we obtain for 
this topology 


me R. R 


1+ 6Ry, 1+ pRu 
Note that Eqs. (13-31) and (13-32) confirm that for voltage sampling Ro, < Ro. 


and = RI, = (13-32) 


Current-shunt Feedback From Fig. 13-11 we find (with V, replaced by V) 


V re 
l= as Al; (18-33) 
With 7, = 0,7; = —Il, = —fl, = +61. Hence 
I= S — pA or I(1+ pA) = ua (18-34) 
Vv 
Roy = an R(1 + BA:) (18-35) 


Note that R. is multiplied by the desensitivity factor 1 + 6A; which contains 
the short-circuit current gain A; (not Az). 

The output resistance Rj, which includes Ry as part of the amplifier is not 
given by Ri(1 + BAz), as one might thoughtlessly expect. We shall now find 
the correct expression for Ry. 


R RyRkt _ RU + BAR, 
o Ro + Ri Rl + BA) + Rr 
_ Robt 1+ BA; ' 
“BR, + Ri 1+ BAR JR +R) (12%) 
Using Eq. (13-21) and with Rj = R,||Rz, we obtain 
, _ pl + BA: 
Ri = Ree (13-37) 


For Ry = ©, Ay = Oand R, = R,, so that Eq. (13-37) reduces to 
Rip = Ro(1 + BA;) 
in agreement with Eq. (13-35). 
Current-series Feedback Proceeding as outlined above, we obtain for 
this topology 


Rot = Roll + 6Gn) and Rt, = Ret BGn 


ol + BG 


Note that Eqs. (13-37) and (13-38) confirm that, for current sampling, Ro; > Ro. 
The expressions for R., and Rj, are summarized in Table 13-4. The above 
derivations do not assume that the network is resistive. Hence, if A or Bisa 


(13-38) 
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function of frequency, & should be changed to Z in Table 13-4. Then Ziz(Zos) 
gives the input (output) impedance with feedback. 


13-7 METHOD OF ANALYSIS OF A FEEDBACK AMPLIFIER 


It is desirable to separate the feedback amplifier into two blocks, the basic 
amplifier A and the feedback network @, because with aknowledge of A and 8, 
we can calculate the important characteristies of the feedback system, namely, 
Ay Ris, and Ha; The basie amplifier configuration withoud feedback but taking 
the loading of the 8 network into account is obtained® by applying the following 
rules: 

To find the input circuit: 

i. Set V. = 0 for voltage sampling. In other words, short the output 
node. 

2. Set J, = 0 for current sampling. In other words, open the output loop. 

To find the output circuit: 

i. Set V; = 0 for shunt comparison. In other words, short the input 
node. 

2. Set J; = 0 for series comparison. In other words, open the input loop. 


These procedures ensure that the feedback is reduced to zero without altering 
the loading on the basic amplifier. 

The complete analysis of a feedback amplifier is obtained by carrying out 
the following steps: 


1. Identify the topology. (a) Is the feedback signal Xy; a voltage or a 
current? In other words, is X; applied in series or in shunt with the external 
excitation? (6) Is the sampled signal X, a voltage or a current? In other 
words, is the sampled signal taken at the output node or from the output loop? 

2. Draw the basic amplifier circuit without feedback, following the rules 
listed above. . 

3. Use a Thévenin’s source if X; is a voltage and a Norton’s source if Xs 
is a current. 

4. Replace each active device by the proper model (for example, the 
hybrid- model for a transistor at high frequencies or the h-parameter model 
at low frequencies). 

5. Indicate X; and X, on the cireuit obtained by carrying out steps 2, 3, 
and 4. Evaluate 8 = X;/X. 

6. Evaluate A by applying KVL and KCL to the equivalent cireuit 
obtained after step 4. 

7. From A and §, find D, A,, Riz, Ros, and Ri,. 


Table 13-4 summarizes the above procedure and should be referred to when 
carrying out the analyses of the feedback circuits discussed in the following 
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sections. We shall consider only the low-frequency response in this chapter 
and reserve the high-frequency analysis for the next chapter. 


13-8 VOLTAGE-SERIES FEEDBACK 


Two examples of the voltage-series topology are considered in this section: the 
FET common-drain amplifier (source follower) and the bipolar transistor 
common-collector amplifier (emitter follower). A transistor two-stage volt- 
age-series configuration is given in the following section. 


The FET Source Follower The circuit is given in Fig. 13-12a. The feed- 
back signal is the voltage V, across R, and the sampled signal is the output 
voltage V, across R. Hence this is the case of voltage-series feedback, and 
we must refer to the first topology in Table 13-4. 


TABLE 13-4 Feedback amplifier analysis 
Topology Q) (2) (3) (4) 
Characteristic Voltage series | Current series | Current shunt | Voltage shunt 
Feedback signal X;..... Voltage Voltage Current Current 
Sampled signal Xo...... Voltage Current Current Voltage 
To find input loop, sett.| Vo = 0 I,=0 I, =0 VY. =0 
To find output loop, sett} 7; = 0 ZI; =0 i=0 VY; =0 
Signal source........... Thévenin Thévenin Norton Norton 
Pre Rp Rocca inc yenies Vs/V. Vy/To T;/To T,/Vo 
A, EX gf Re iicoes suse sent Ay = Vo/Vi | Gu = 1/Vi A, = 1/1; Ra = Vo/Is 
D=1+8BA....-..005. 1+ pAy 1+ Gx 1+ BAr 1+ pRy 
Agsige hatrauedene eb 4 Ay/D Gs./D Ai/D Ru/D 
Ripe dieciteeet aes adept R;:D RD R:/D R:/D 
R. Ro 
Rapise gust eka ees RL Gm. R(1 Ay ——_. 
f 1+ BA. (1 + 6Gm) (1 + BAi) it BR. 
Ry 1+ 6G. »1L+6A: | RB 
a ae Le a oO 
Roy = Rorl|Rn-.. +--+ ++ o R, D R, D D 


} This procedure gives the basic amplifier circuit without feedback but taking the load- 


ing of 8, Rx and R, into account. 


Wc must now draw the basic amplifier without feedback. To find the 
input circuit, set V, = 0, and hence V, appears directly between Gand S. To 
find the output circuit, set J; = 0 (the input loop is opened), and hence & 
appears only in the output loop. Following these rules we obtain Fig. 13-12b. 
If the FET is replaced by its low-frequency model of Fig. 10-8, the result is 
Fig. 13-12c. From this figure V, and V, are equal, and 8 = V;/V. = 1. 
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(a) 
Fig. 13-12 (a) The source-follower. (6) The amplifier without feedback 
and (c) the FET replaced by its small-signal low-frequency model. 


This topology stabilizes voltage gain. Ay is calculated by inspection of 
Fig. 13-12c. Since without feedback V; = V,, then 


— Ve — Jn Vorah _ pk 
ae Vi; (at RV. tea tR (18-39) 
where » = gmta from Eq. (10-15). 
= = wR _ rat (lt+ypr 
D=1+fhy 1+ oT Sak (13-40) 
Ar = 5 = fe (13-41) 


D rat A+ n)R 


The input impedance of an FET is infinite, R; = ©, and hence 
Ry =a RD = ©, 

We are interested in finding the output resistance seen looking into the 
FET source S. Hence # is considered as an external load Ry. From Table 
13-4 
ri, 
~1+8A, lth 


Ros (13-42) 
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because R, = 7g from Fig. 13-12¢, 8 = 1, and A, = lim Ay = p from Eq. 
Row 
(13-15). Also, from Table 13-4 


Ri Rra tat Rk o Rr 
D R+raret wt DR rat Q@+DR 


Rey = 
Note that 


(13-43) 


Ta 


Roy = lim Ri, = 
Row fod 


which agrees with Eq. (13-42). 

Since the three assumptions listed in Sec. 13-2 are satisfied, the above 
results are exact and agree with those obtained in Sec. 10-8 without the use of 
feedback formulas. 


The Emitter Follower The circuit is given in Fig. 13-134. The feedback 
signal is the voltage V, across R,, and the sampled signal is V, across R,. 
Hence this is a case of voltage-series feedback, and we must refer to the first 
topology in Table 13-4. 

We now draw the basic amplifier without feedback. To find the input 
circuit, set V, = 0, and hence V, in series with R, appears between B and E. 


(a) (ec) 


Fig. 13-13 (a) An emitter follower. (b) The amplifier without feedback and (c) 
the transistor replaced by its approximate low-frequency model. 
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To find the output circuit, set J; = J, = 0 (the input loop is opened), and 
hence #&, appears only in the output loop. Following these rules, we obtain 
the circuit of Fig. 13-136. If the transistor is replaced by its low-frequency 
approximate model of Vig. 8-23, the result is Fig. 13-138c. From this figure 
Vo = Ve and B= V./Vy = 1. 

This topology stabilizes the voltage gain. Ay is calculated by inspection 
of Fig. 13-13¢. Since &, is considered as part of the amplifier, then V; = V,, 
and 


Ve _ hyde _ hyele 


BUY, ae = eh (13-44) 
a mar hyBe BE, R, + hie + hyeRe 

D=1+ Bly =1+4 pie = Se (13-45) 

Ay = SE = pee (13-46) 


D Re + Nie + hyclee 


For hyelte > Ra + hie, Avy ~ 1, as 1t should be for an emitter follower. 

The input resistance without feedback is R; = Rs + hy from Fig. 13-18e. 
Hence 
R, + hie + hyelte 


Ry = RD = (Ry + hu) Ret ds 


= Ry + hie+hyeRe (18-47) 


We are interested in the resistance seen looking into the emitter. Hence 
JF. is considered as an externa] load. From Table 13-4 


Ro = = (13-48) 


because, from Fig. 13-3c,, we are looking into a current source R, = © and 
A, = lim Ay = © from Eq. (13-15). The indeterminacy in Eq. (13-48) may 
Reo 
be resolved by first evaluating Rj, aud then going to the limit R, > ». Thus, 
since R} = R., 
ba Ri — RAR. + hie) 


sea aa TOR VOOR ea) 


and 


Ray = lim Ri, = Het he 


eS 13-50 
Row hye ( ) 


Note that the feedback desensitizes voltage gain with respect to changes 
in hye and that it increases the input resistance and decreases the output 
. resistance. 

The foregoing expressions for Avy, R.s, and Ros are based on the assumption 
of zero forward transmission through the feedback network. Since there is such 
forward transmission because the input current passes through RF, in Fig.13-13a, 
these expressions are only approximately true. In this example we have in 
effect neglected the base current which flows in R, compared with the collector 
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current. The more exact answers are obtained in Sec. 8-8, and they differ 
from those given above only in that A,; must be replaced by hy. + 1. 


13-9 A VOLTAGE-SERIES FEEDBACK PAIR 


Figure 13-14 shows two cascaded stages whose voltage gains are Ay, and Avy 
respectively. The output of the second stage is returned through the feedback 
network #182 in opposition to the input signal V,. Clearly, then, this is a 
case of voltage-series negative feedback. According to Table 13-3, we should 
expect the input resistance to increase, the output resistance to decrease, and 
the voltage gain to be stabilized (desensitized). 

The first basic assumption listed in Sec. 13-3 is not strietly satisfied for the 
circuit of Fig. 13-14a because J’ represents transmission through the feedback 
network from input to the output. We shall neglect I’ compared with I on 
the realistic assumption that the current gain of the second stage is much 
larger than unity. Under these circumstances very little error is made in using 
the feedback formulas developed in this chapter. 

The input of the basic circuit without feedback is found by setting V. = 0 
(Table 13-4), and hence Re appears in parallel with Ri. The output of the 
basic amplifier without feedback is found by opening the input loop (set I’ = 0), 
and hence &, is placed in series with Re. Following these rules results in Fig. 
13-146, to which has been added the series feedback voltage V, across R; in the 
output circuit. Clearly, 

V; Ri 
aa Caen NE: F een) 

Second-collector to First-emitter Feedback Pair The circuit of Fig. 18-15 
shows a two-stage amplifier which makes use of voltage-series feedback by 


Fig. 13-14 (a) Voltage-series feedback pair, (b) Equivalent circuit, 


without external feedback, but including the loading of Ro. 
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Fig. 13-15 Second-collector to first-emitter feedback pair. 


connecting the second collector to the first emitter through the voltage divider 
Kilts. Capacitors Ci, C2, C's, and Cs are de blocking capacitors, and capacitors 
C; and Cz are bypass capacitors for the emitter bias resistors. All these 
capacitances represent negligible reactances at the frequencies of operation 
of this circuit. For this aimplifier the voltage gain Ay; is given approximately 
by 1/8, and is thus stabilized against temperature changes and transistor 
replacement. A more accurate determination of Ay,, as well as a calculation 
of input and output resistance, is given in the following illustrative problem. 


EXAMPLE Calculate Avs, R.s, and Ri; for the amplifier of Fig. 13-15. Assume 
Rs, = 0, hye = 50, hie = 1.1 K, Are = Roe = 0, and identical transistors. 


Solution We first calculate the overall voltage gain without feedback from Ay = 
AviAvye The effective load Ry, of transistor Q1 is 


Ry = 10(/47|/33|/1.1 K = 942 Q 
From Fig. 13-14b we see that the effective load Ri» of transistor Q2 is the col- 
lector resistance R,. = 4.7 K in parallel with R, + Rz = 4.8 K, 

Rie = 4.7||4.8 = 2.87 K 


From Fig, 13-14 we see that the effective emitter impedance R, of Q1 is R,,||Rz 
or 
R, = RijlR. = 0.1/4.7 K = 0.098 K = 98 Q 


The voltage gain Ay, of Q1 is, from Eq. (8-60) and Fig. 13-14) with V; = V,, 


Vi —hyRyy —50 x 0.942 
Ay == = = —7.72 
Vi he tl +hy)R. 1.1 +51 X 0.098 
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The voltage gain Avs of Q2 is, from Eq. (8-52), 


Ve Rig 2.37 
Ay = = —hy =-50 108 
eam Oe 1.1 
Hence the voltage gain Ay of the two stages in cascade without feedback is 
Ave ~ = AviAve = 7.72 X 108 = 834 
BR 1 1 
8 4 uy and Ar6 = . = 17.4 


“Ri +R, 4,800 48 
D=14+ BAy = 18.4 


This value is to be compared with the approximate solution (based upon 
Ay— ©) given by Av; = 1'8 = 48. 
The input resistance without external feedback is, from Eq. (8-55), 


R; S hie + A + hp) Re = 11+ 51 X 0.098 = 6.1K 
Hence, from Eq. (138-14), 
Ry = RD = 6.1 X 184 = 112K 


The output resistance without feedback is Rj = Ry, = 2.37 K. Hence, 
from Table 13-4 


It is interesting to note that there is internal (local) feedback in the first stage 
of Fig. 13-14b because the Ri» parallel combination acts as an emitter resistor. 
This first stage is an example of current-series feedback, which is analyzed in the 
next section. 


13-10 CURRENT-SERIES FEEDBACK 


Two examples of the current-series topology are considered in this section. 
The common-emitter transistor amplifier with a resistance R, in the emitter 
is analyzed first. Then the FET common-source amplifier with a resistor R 
in the source lead is studied. 


The Transistor Configuration The circuit is given in Fig. 13-16a. The 
feedback signal is the voltage V,; across R. and the sampled signal in the load 
current J, [For the present argument, we neglect base current compared 
with collector (load) current.] Hence this is a case of current-series feedback. 
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In passing, note that although J, is proportional to V,, it is not correct to 
conclude that this is a voltage-series feedback. Thus, if the output signal is 
taken as the voltage V., then 


gu Win ER _ Re 
F Vo 7 IB Ri 


Since @ is now a function of the load Rz, the third basic assumption given in 
Sec. 13-3 is violated. 

We must refer to the second topology in Table 13-4. The input circuit 
of the amplifier without feedback is obtained by opening the output loop. 
Hence R. must appear in the input side. Similarly, the output circuit is 
obtained by opening the input loop, and this places R, also in the output side. 
The resulting equivalent circuit is given in Fig. 13-166. No ground can be 
indicated in this cireuit because to do so would again couple the input to the 
output via R,; that is, it would reintroduce feedback. And the circuit of Fig. 
13-16) represents the basic amplifier without feedback, but taking the loading 
of the 6 network into account. ‘ 

This topology stabilizes the transconductance Gy. In Fig. 13-16e the 
transistor is replaced by its low-frequency approximate h-parameter model. 


R, 
Yo! 


Fig. 13-16 (a) Amplifier with an unbypassed emitter resistance as an example 
of current-series feedback. (b) The amplifier without feedback, but including 
the loading of R.. (c) The h-parameter model used for the transistor in (b). 
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Since the feedback voltage V, appears across R, in the output circuit, then, 
from Fig. 18-16¢ 


p= 7f = tt _ _p, (13-52) 


Since the input signal V; without feedback is the V; of Fig. 13-16c, then 
I, _ —hyels ws —hy. 


Oey = he ae (13-53) 
= = hyeRe -_ Rs + hie + Qa + hye) Re 
DiS AG = te pe R. + Ie + Re 
(13-54) 
Guy = Gu este (13-55) 


D” Rothe + + hy)Re 


Note that if (1 + hy.) Re >> Re + Rie, andsince hy. >> 1, then Guy =~ —1,’R., in 
agreement with Gu; ~ 1/8. If R. is a stable resistor, the transconductance 
gain with feedback is stabilized (desensitized). The load current is given by 


—hyeVs a Vig 
Rothe t+ +hy)Re RR. 


Under the conditions (1 + hy.) R.>> R, + hie and hye >> 1, the load current is 
directly proportional to the input voltage, and this current depends only upon R., 
and not upon any other circuit or transistor parameter. As an example, consider 
that this circuit is used as the driver for the deflection current J, in a magnetic 
cathode-ray oscilloscope. The load is then the deflection-yoke impedance, 
which is essentially an inductance whose reactance is proportional to frequency. 
Yet, from Eq. (13-56) the load current is independent of the characteristics 
of the yoke. If a deflection which varies linearly with time is desired, it is 
only necessary to generate a voltage waveform V, which increases linearly with 
time (we are assuming that the deflection of the spot on the tube face is pro- 
portional to the yoke current). 
The voltage gain is given by 
Ix 


Ay; = a ae Gu/Ri = 


I, = GuyV, = 


[(13-56) 


shyly 
Ra + hie + (1 + Aye) Re 


Subject to the approximations made above, Ay; ~ —R,/R, and the voltage 
gain is stable if R, and R, are stable resistors. 

From Fig. 13-16c, we see that R; = R.+hie+ R.. Hence, from Eq. 
(18-16), 


Ris = RD = Rs + hie + (1 + hye) Re (13-58) 


(13-57) 


Because R, is considered to be part of the amplifier, it appears above as a com- 
ponent of the input resistance. 
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Since R, = ~, then Roy = A.D = ~. Hence Ris = R,||Roy = Ry. An 
alternative derivation is to use the expression in Table 13-4, namely, 


1+ 8Ga 
if ‘cat t 
Ba = Bet Gy 
Since G,, represents the short-circuit transconductance, then Ga = lim Gyr 


R130 
[Eq. (18-17)]. However, from Eq. (13-53), Gu is independent of Rz, and 
hence Gn = Gy and Ri, = Rj = Rx. 

The above results agree exactly with those derived in Sec. 8-15 because 
all three assumptions listed in Sec. 13-4 are satisfied. Note, in particular, that 
if the amplifier is deactivated (say, hy. = 0), then J, = 0, which means that 
none of the input signal appears at the output via the feedback block. Hence 
the first condition is satisfied, even though the network is simply a resistor R.. 
Note that for this topology it is not necessary to assume that the base current 
is negligible compared with the collector current. 


EXAMPLE The circuit of Fig. 13-16a is to have an overall transconductance 
gain of —1 mA/V, a voltage gain of —4, and a desensitivity of 50. If R, = 1K, 
hye = 150, and ro, is negligible, find (a) &., (o) Rx, (c) Riy, and (d) the quiescent 
collector current J¢ at room temperature. 


Gu _ Gu 


Soluti . Gus = = =-1 
oluiton a. Guy D 50 
or 

Gu = —50 mA/V 
Since 6 = —R,, then 

D=1+6Gu = 1+ 50K. = 50 
or 

R,=0.98 K 1K 

b. Avy = GusRi 

or 

Ry = SY eet K 

Guy 1 
c. From Eq. (13-53) 
hy —150 
= =50< = 

wis! Rk, +R 1 the +] 
or 

Ay = 1K 


R, = Rk, the + Re = 3K 
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Ris = Ri:D = (3)(50) = 150 K 
d. From eqs. (9-9) and (9-6) 
hy.  hyeVn 


ie = Toor + Thre 


or 
_ hyeVr _ (150)(0.026) _ 


I 
OO Nis 1 


3.9 mA 


The FET CS Stage with a Source Resistor R The circuit of Fig. 13-17a is 
analogous to the transistor CE stage with an emitter resistor R,. Proceeding 
as we did for the transistor amplifier, we obtain the circuit of Fig. 13-170. 
Replacing the FET by its low-frequency model results in Fig. 13-17¢. Without 
feedback V; = V, and 


os I, = I, = —Gmla _ —- 
Ce Oe, GRE ee RR neem) 
where w = raJm from Eq. (10-15). 
ge is eee (13-60) 
= _ uh _tat Ri twt+ Der 
BSE Ree UN as BRO aa RG Grey) 
Gaur THB 
Gury D noun By PRTG PTE BY) (13-62) 
Since R; = ©, then 
Ris = RD ee (13-63) 


If Ry is considered to be an external load, then from Fig. 13-17c 
Ro=tet+t & 


To calculate R., we need Gn, and from Eq. (13-17), G2 = lim Gy. Since 6 is 
Rr-0 
independent of Rz, then using Eq. (13-61), 


1+8G_ = lim D = mat et OR (13-64) 
hyper Rey eGR tie aa tat (ut DR 
(13-65) 


The above results agree with those obtained in Sec. 10-7. 
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N 


(a) 


Fig. 13-17 (a) An FET amplifier with a source resistor R. (b) The amplifier 
without feedback, but including the loading of R. (c) The FET replaced by its 
small-signal low-frequency model. 


Rey is most easily calculated as Rz'|R.;. Thesame result may be obtained 
from the expression in Table 13-4, with R} = R,|| Rt. Thus 


ay 
Ri, = Ry 


_— Gat RR, atu tik mwtR,+R 
ta thi th rat rat Riot (w+ir 


__Balre + + DRI 
tat hot ta 


which is equivalent to &, in parallel with Roy. 


(13-66) 


13-11 CURRENT-SHUNT FEEDBACK 


Figure 13-18 shows two transistors in cascade with feedback from the second 
emitter to the first base through the resistor R’. We now verify that this con- 
nection produces negative feedback. The voltage Vj. is much larger than 
Va because of the voltage gain of Q1. Also, Vi2 is 180° out of phase with Vn. 
Because of emitter-follower action, W.2 is only slightly smaller than Vj, and 
these voltages are in phase. Hence V._ is larger in magnitude than Vj and 
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is 180° out of phase with Va. If the input signal increases so that J; increases, 
I; also increases, and I; = I, — I; is smaller than it would be if there were no 
feedback. This action is characteristic of negative feedback. 

We now show that the configuration of Fig. 13-18 approximates a current- 
shunt feedback pair. Since Vio >> Vin, and neglecting the base current of Q2 
compared with the collector current, 


Vua- Vee Vee (IL. — 1) RP. 


2S Se eae were 
or 
Bip 
ie = R+R BI, (13-68) 


where 6 = R,/(R’ + R.). Since the feedback current is proportional to the 

output current, this circuit is an example of a current-shunt feedback amplifier. 

From Table 13-3 we expect the transfer (current) gain Az; to be stabilized. 
_fo 1 = =R+R, 

Ay ame BE (13-69) 
and hence we have verified that Az, is desensitized provided that R’ and R, are 
stable resistances. Note that J, = V,/R,. , 

From Table 13-3 we expect the input resistance to be low and the output 
resistance to be high. If we assume in Fig. 13-18 that Ry = 0, then 


V.=1,R, = IR, 


and the voltage gain with feedback is 


Ye ity Ria Ras 


Ot IES ta as a 


(13-70) 


‘ 
Ri, 


Fig. 13-18 Second-emitter to first-base feedback pair. (The input 
blocking capacitor and the biasing resistors are not indicated.) 
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Fig. 13-19 The amplifier of Fig. 13-18 without feedback, 
but including the loading of R’. 


Note that if R., R’, R.2, and R, are stable elements, then Ay, is stable (inde- 
pendent of the transistor parameters, the temperature, or supply-voltage 
variations). 


The Amplifier without Feedback We must refer to the third topology 
in Table 13-4. The input circuit of the amplifier without feedback is obtained 
by opening the output loop at the emitter of Q2. This places R’ in series with 
PR, from base to emitter of @1. The output circuit is found by shorting the 
input node. (the base of Q1). This places 2’ in parallel with R,. The resultant 
equivalent circuit is given in Fig. 13-19. Since the feedback signal is a current, 
the source is represented by a Norton’s equivalent circuit with 7, = Vs Rs. 

The feedback signal is the current J; in the resistor 2’, which is in the 
output circuit. From Fig. 13-19, with Ib. < Te. = |Zol. 

I, R. 


B= T= LE, (13-71) 


in agreement with Eq. (13-68). 


EXAMPLE The circuit of Fig. 13-18 has the following parameters: R= 3 K, 
Re. = 500 @, Re = 50 Q, RB’ = R, = 1.2 K, hy. = 50, hip = 1.1 K, and h,. = 
oe = 0. Find (a) Avy; (0) Ris; (ce) the resistance seen by the voltage source; and 
(d) the output resistance. 
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1 


Solution a. Since the current gain is stabilized, we first calculate Ary from 
A, We can then obtain Ay, from Ay; Referring to Fig. 13-19, 
— Te. Teo Too Ter Ton 


A;= 13-72 
pe ie Ee ae) 


Using the low-frequency approximate h-parameter models for Q1 and Q2, 


a I, 

t= -h, = -50 “= +h, = +50 (13-73) 
< To. Ie 

Too —Ra —3 


= = 2 2voasy 13-74 
ty Rg Phy 243.85 (13-74) 


because, from Eq. (13-58), 


Rin = hie + (1 + hye (RoR) = 1.1 + (51) (avn) 3.55 K 
20 


If # is defined by 


(1.2) (1.25) 
=R,|(R’ +R) = + 0.612 K 13- 
Hes telt eg + 1.25 se) 
then from Fig. 13-19 
Brecsk ELE Wee (13-76) 


TI, R+h, 061411 


Substituting the numerical values in Eqs. (13-78), (13-74), and (13-76) into 
oq. (18-72) vields 


Ay = (—50)(—0.457) (50)(0.358) = +406 


p= R. _ 50 0.040 
R'+R, 1,250 
D=1+ 6A; = 1 + (0.040)(406) = 17.2 
ay 406 
Ay = = — = 23.6 
7 BD We 
7 et 
Arp Ve ea LeaBoe my ArReo ms (23.6) (0.5) 9.83 


Ws TR R, 1.2 
The approximate expression of Eq. (13-70) yields 


Pan 0.5 


= 10.4 
BR, (0.040) (1.2) 


Ayy & 


which is in error by 6 percent. 


b. From Fig. 18-19, the input impedance without feedback seen by the current 
source is, using Eq. (13-75), 
_ (0.61) (1.1) 


Re = Hii = EEL” — pet 
In L71 


Sec, 13-12 FEEDBACK AMPLIFIERS / 441 


and from Table 13-4 the resistance R;, with feedback seen by the current source is 


R; 394 
Ry= t= = 23.02 
4D 17.2 


c. Note that the input resistance is quite small, as predicted. If the resis- 
tance looking to the right of , (from base to emitter of Q1) in Fig. 18-18 is Ri, 
then Riy = Ri||R., or 


- 
93,9 = —L:200Riy 
1,200 + Ri 


which yields Rj, = 23.42. Hence from Fig. 13-18, the resistance with feedback 
seen by the voltage source V, is 


Re + Ri, = 1,200 + 23.40 = 1,22 K 


d. If Rez is considered as an external load, then R, is the resistance seen looking 
into the collector of Q2. Since A,, = 0, then R, = ©. From Table 13-4, 2, = 
R(1 + BAi) = %.° 

From the calculations in part a, we note that A, is independent of the load 
Ri = Re. Hence A; = lim A; = Az. Since Rj = R,||R.2 = Ro, then from 


RO 
Table 13-4 


1+ BA; , 
Rog = Ba = R= Ra = 5002 
T+ BA : 

Roy may also be calculated as the ratio of the open-circuit voltage V. to the 
short-circuit output current J,. Since for ho. = 0, Io = —I,2 is independent of 
Re, then 

Vo Vo V, I, Ay,R, (9.83) x (1.2) 
Roy = = = = 0.50 K 
eT Wedge ds Ay 23.6 


which agrees with the value found above using Table 13-4. 


13-12 VOLTAGE-SHUNT FEEDBACK 


Figure 13-20a shows a common-emitter stage with a resistor R’ connected 
from the output to the input. We first show that this configuration conforms 
to voltage-shunt topology, and then obtain approximate expressions for trans- 
resistance and the voltage gain with feedback. 

In the circuit of Fig. 18-20a, the output voltage V, is much greater than 
the input voltage V; and is 180° out of phase with V;. Hence 


_vi- VoL Vo 


I; R ae BV. (13-77) 
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(a) (0) 


Fig. 13-20 (a) Voltage-shunt feedback. (b) The amplifier without feedback, 
but including the loading of R’. 


where 6 = —1/’. Since the feedback current is proportional to the output 
voltage, this cireuit is an example of a voltaye-shunt feedback amplifier. From 
Table 13-3 we expect the transfer gain (the transresistance) Ry; to be desen~ 
sitized. From Eq. (13-9) 


Ruy — Tt x. = —f' (13-78) 


Note that the transresistance equals the negative of the feedback resistance 
from output to input of the transistor and is stable if R’ is a stable resistance. 

From Table 13-3 we expect both the input and output resistance to be low 
because of the voltage-shunt feedback. If we assume that Ri, = 0, then the 
voltage gain with feedback is 


Ve Ve 1 _ FR 
Ve TR BRB, 
where use is made of Eq. (13-78). Note that if R’ and R, are stable elements, 


then Ay; is stable (independent of the tfansistor parameters, the temperature, 
and supply-voltage variations). 


Avy = (13-79) 


The Amplifier without Feedback We must refer to the fourth topology 
in Table 13-4. The input circuit of the amplifier without feedback is obtained 
by shorting the output node (V, = 0). This places R’ from base to emitter 
of the transistor. The output circuit is found by shorting the input node 
(V; = 0), thus connecting FR’ from collector to emitter. The resultant equiv- 
alent circuit is given in Fig. 13-20b. Since the feedback signal is a current, the 
source is represented by a Norton’s equivalent with I, = V./R.. 
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The feedback signal is the current J, in the resistor R’ which is in the out- 
put circuit. From Fig. 13-20 
ly o , 
= (13-80) 
in agreement with Eq. (13-78). 
The first assumption in Sec. 13-3 is not satisfied exactly. If the amplifier 
is deactivated by reducing hy. to zero, a current I; passes through the 8 network 
(the resistor R’) from input to output. This current is given by 


| ee eae 
t RR +R 
The output current J, with the amplifier activated is 
ne _ Vo _ AvyVs 
Ro Re 


Hence the condition that the forward transmission through the feedback net- 
work can be neglected is |J.| >> |J,|, or 
R. 
|Avy| > Roe Re 4k (13-81) 
Since the voltage gain is at least unity, this inequality is easily satisfied by 
selecting R. + FR’ > R.. 


EXAMPLE The circuit of Fig. 13-20 has the following parameters: R, = 4 K, 
R’ = 40 K, R, = 10 K, hy = 1.1 K, hy = 50, and hy, = Ace = 0. Find (a) Avy, 
(b) Rey, and (¢) Réy. 


Solution a. Since the transresistance is stabilized, we first calculate Ru, from 
Ry. Define Ri and R by 


Ri = R,||R’ = oe = 3.64 K (13-82) 
and 
R = RR’ = oe =~8K (13-83) 


From Fig. 13-200 
Vo —Ie hele, _ —hpRR 


= = = 13-84) 
aac I Z R + hie a 
Ry = (T2DCONB) _ _ 169 K 

8 + 1.1 
be ete =F 226.008 hey 
RF 40 


= 1+ BRy = 1 + 0.025 X 160 = 5.00 
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Ru —160 
Ry = 2 = [= -32.0 K 
"D  5.00 
v, Ve — Ruy 
Ay= = = 13-85 
TV, LR, R, ea) 
or 
—32.0 
Agate PEN S300 
vi 10 
6. From Fig. 13-206 
pee oft. OOM) _ 6 966 KK dae hi 
R+ he 9.1 
From Table 13-4 
Apel a ee i986 
D ~~ 5.00 


Note that the input resistance is quite small, as predicted. 

If the input resistanee looking to the right of R, (from base to emitter in 
Fig. 18-20a) is Ri, then Ris = Ry||R,. Solving, we find Ri; = 196 Q. The 
impedance seen by the voltage source V, is R, + Ri, = 10.2 K. 


c. If &. is considered an external load, the output resistance, neglecting feed- 
back, is R, = R’ = 40 K. Since 


i . — 
Roe ie Bee AE) 2 — 1,760 K, 
R30 R+ hic 8411 
because in Iq. (13-83) lim Ri} = R’. From Table 13-4 (with R, = R’) 
Reo 
R 40 
Re os K ~ 8909 
7" 1T+48Rn 1+ (0.025)(1,760) 
and 
890) (4,000) 
— wiRe = & ome = 728 2 
Roy = Real 4,890 


Alternatively, Rj, can be calculated from the formula in Table 13-4. The output 
resistance, taking &, ito account but neglecting feedback, is, from Fig. 13+ 208, 


Ri = R,||R’ = R. = 3.64 K. From Table 13-4 
R, 3.64 64 
a = 7289 
ae Tb) 5.00 


in agreement with the value calculated above. 


—_—_—_—_—_—_—_—_—_—_—_—_—_—_— 


It is instructive to examine the approximate expression for the voltage 


gain given in Eq. (18-79). 
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which differs from the value of —3.20 by about 22 percent. This approximate 
formula leads to the erroneous conclusion that Ay, increases without limit as 
R,-—-0. The difficulty arises because Eq. (13-79) is valid only if 6Rs > 1. 
However, from Eqs. (13-84) and (13-83) 


ae hpeRIR\ IyeRER, 
Jim Rag = fim (— GEESE) = im (— Gee) 0 


The correct result for Ay, is obtained from Eq. (13-85), namely, 


er eee 
R.0 Re im R,Fhie hie 


This equation can be obtained bj inspection of Vig. 13-20b. With Rk, = 
Avy = V.,'Vs is the voltage gain of a CE amplifier with a load Rj = R,||R’. 

The circuit of Fig. 13-20 is the basic form of the operational amplifier, 
which is discussed in detail in Chap. 15. 


(18-86) 
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REVIEW QUESTIONS 


13-1 (a) Draw the equivalent circuit for a voltage amplifier. (0) For the ideal 
amplifier, what are the values of Ri and R,? (c) What are the dimensions of the 
transfer gain? 

13-2. Repeat Rev. 13-1 for a current amplifier. 

13-3 Repeat Rev. 13-1 for a transconductance amplifier. 

13-4 Repeat Rev. 13-1 for a transresistance amplifier. 

13-5 Draw a feedback amplifier in block-diagram form. Identify each block, 
and state its function. 

13-6 (a) What are the four possible topologies of a feedback amplifier? (6) 
Identify the output signal X, and the feedback signal X; for each topology (either as a 
current or voltage). (c) Identify the transfer gain A for each topology (for example, 
give its dimensions). (d) Define the feedback factor 8. 

13-7 (a) What is the relationship between the transfer gain with feedback A, 
and that without feedback A? (8) Define negative feedback. (c) Define positive feed- 
back. (d) Define the amount of feedback in decibels. 

13-8 State the three fundamental assumptions which are made in order that the 
expression A; = A/(1 + Ag) be satisfied exactly. 

13-9 (a) Define desensitivity D. (6) For large values of D, whatis A;? What 
is the significance of this result? 

13-10 List five characteristics of an amplifier which are modified by negative 
feedback. 

13-11 State whether the input resistance Ri, is increased or decreased for each 
topology. 

13-12 Repeat Rev. 13-11 for the output resistance Ruy. 

13-13 List the procedures to follow to obtaiu the basic amplifier configuration 
without feedback but: taking the loading of the g network into account. 

13-14 List the steps required to carry out the analysis of a feedback amplifier. 

13-15 Draw the circuit of a single-stage voltage-series feedback amplifier. 

13-16 Repeat Rev. 13-15 for a two-stage amplifier. 

13-17 Find A; for a source follower using the feedback method of analysis. 

13-18 Repeat Rev. 13-17 for an emitter follower. 

13-19 Draw a circuit of a current-series feedback amplifier. 

13-20 Repeat Rev. 13-17 fora CE stage with an unbypassed emitter resistor. 

13-21 Repeat Rev. 13-17 for a CS stage with an unbypassed resistance in the 
source lead. 

13-22 Draw the circuit of a feedback pair with current-shunt topology. 

13-23 Draw the circuit of a voltage-shunt feedback amplifier. 


/ STABILITY AND. OSCILLATORS 


The frequency response characteristics of multipole feedback amplifiers 
are studied. It is shown that single-pole and double-pole closed-loop 
amplifiers are inherently stable. The step response of these amplifiers 
is obtained. A feedback amplifier with more than two poles can 
become unstable and break into oscillation if too much feedback is 
applied. 

The problem of stability is examined. Compensation techniques 
which are employed to prevent a feedback amplifier from becoming 
unstable are studied. Sinusoidal oscillators are analyzed as special 
cases of feedback amplifiers which are intentionally rendered unstable. 


14-1 EFFECT OF FEEDBACK ON AMPLIFIER BANDWIDTH 


The transfer gain of an amplifier employing feedback is given by Eq. 
(13-4), namely, 


A 


Ay = T+ 6A (14-1) 
If |@A| > 1, then 

A I 
Ar Ba 3 


and from this result we conclude that the transfer gain may be made to 
depend entirely on the feedback network 8. However, it is now impor- 
tant to consider the fact that even if 8 is constant, the gain A is not, 
since it depends on frequency. This means that at certain high or low 
frequencies, |@A| will not be much larger than unity. To study the 
effect of feedback on bandwidth we shall assume in this section that the 
transfer gain A without feedback is given by a single-pole transfer func- 
tion. In subsequent sections we consider multipole transfer functions. 


447 


448 / INTEGRATED ELECTRONICS Sec. 14-7 


Single-pole Transfer Function The gain A of a single-pole amplifier is 
given by 


A (14-2) 


~ 1+50/fn 
where A, (real and negative) is the midband gain without feedback, and fy is 
the high 3-dB frequency. The gain with feedback is given by Eq. (14-1), or 
using Eq. (14-2), 
A ae A,/[l + J(f/fu)| — A, 
‘T+ BAL + GG fm] ~~ 1-4 BAL +50Fn) 


By dividing numerator and denominator by 1 + 6A, this equation may be put 
in the form 


Aoy 


= -3) 
4s = TECH Sa 

where 
her = ix and fay = Fell + BAD (14-4) 


We see that the mdband amplification with feedback Ao, equals the midband 
amplification without feedback A, divided by 1+ 6A,. Also, the high 3-dB 
frequency with feedback fy; equals the corresponding 3-dB frequency without 
feedback fy multiplied by the same factor, 1+ 6A.. The gain-frequency 
product has not been changed by feedback because, from Eqs. (14-4), 


Aosfus = Aofx (14-5) 


By starting with Eq. (12-2) for the low-frequency gain of a single 
FC-coupled stage and proceeding as above, we can show that the low 3-dB 
frequency with feedback frs is decreased by the same factor as is the gain, or 


fis = are (14-6) 

For an audio or video amplifier, fy >> f,, and hence the bandwidth is 

fu ~fu~ fu. Under these circumstances, Iq. (14-5) may be interpreted to 

mean that the gain-bandwidth product is the same with or without feedback. 

Figure 14-la is a plot of A and Ay, versus frequency, whereas in Fig. 14-1) we 

show the Bode plots of both A and Ay in decibels vs. log f. The interseetion 

of the two curves in Fig. 14-16 tales place at the frequencies f = f,, and f = fi, 

on the low end and high end, respectively. To verify this we equate the mag- 

nitude of Eq. (14-4) to the magnitude of Eq. (14-2) and solve for the value of f. 
Thus, if f > fu at the intersection point, we have 


Ay. JV A, ‘ A 
20 log js a 20 log Fe ras = 20 low go 


or 


f=JSa(l + BA.) = fay 2. 4 (14-7) 
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! 7 20 log |Aorl | ! 
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Fig. 14-1 (a) Transfer gain is decreased and bandwidth is increased for an ampli- 
fier using negative feedback. (b) Idealized Bode plot. 


Similarly, we can show that the intersection at the low-frequency end occurs 


at f = Sy. 


Bandwidth Improvement Equations (14-4) and (14-6) show how the 
upper and lower 3-dB frequencies are affected by negative feedback. We may 
obtain a physical feeling of the mechanism by which feedback extends band- 
width by considering the voltage-series feedback cireuit of Fig. 14-2. The 
amplifier Ay has two input terminals 1 and 2, and the effective input voltage 
V; is the difference in the voltages Vi = V, and V2 = Vy applied to these two 
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Fig. 14-2 Voltage-series 
feedback applied to an am- 
plifier with voltage gain Ay. 


terminals. Such a device is called a difference amplifier and is studied in detail 
in Chap. 15. Clearly, Fig. 14-2 has the voltage-series topology of Fig. 18-9a. 

Let us assume that the midband voltage gain Ay, = —1,000, 6 = —0.1, 
and V, = 0.1 V. Under these conditions 


a A = Ti 
Aves = 7 A,B ~ T+ 100 = — 990 


V. = AyosVa = (—9.90)(0.1) = —0.99 V 
V, = BV, = (—0.1)(—0.99) = 0,099 V 
V; a? V, = Vy =01—- 0.099 = 0.001 V 


Note that almost the entire applied signal is canceled (bucked out) by the 
feedback signal, leaving a very small voltage V; at the input terminals of the 
amplifier. 

Now assume that at some higher frequency the gain of the amplifier 


(without feedback) has fallen to half its previous value, so that Ay = —500. 
Then, if V, remains at 0.1 V, 
here —/) = 980 


I+ AyB° 1450 
V. = AvsV. = (—9.80)(0.1) = —0.98 V 
Vy = (—0.1)(—0.98) = 0.098 V 

V; = 0.1 — 0.098 = 0.002 V 


Note that although the base amplifier gain has been halved, the amplification 
with feedback has changed by only 1 percent. In the second case, V; has 
doubled to compensate for the drop in Ay. There exists a self-regulating 
action so that, if the open-loop voltage gain falls (as a function of frequency), 
the feedback voltage also falls. Therefore less of the input voltage is bucked 
out, permitting more voltage to be applied to the amplifier input, and V, 
remains almost constant. 


Step Response The transient behavior is that discussed in Sec. 12-5 for 
a single-pole transfer function. The output for a pulse input is given in 
Fig, 12-8, and for a square-wave input in Fig. 12-10. 
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14-2 DOUBLE-POLE TRANSFER FUNCTION WITH FEEDBACK 


Let us consider a circuit where the basic amplifier gain (without feedback) has 
two poles on the negative real axis at s; = —w, and 8, = —w, (w; and w, are 
positive), as shown in Fig. 14-3. In other words, w:/2m and w:/2m represent 
the corner, or break, frequencies of the linearized Bode plot (Sec. 12-4). If the 
midband gain is A,, then the transfer gain is given by 


A “ A, = A, 
~ (= 8/s1)(1 = 8/82) EF 8/un)(L + 87a) 


If this expression for A is substituted into Eq. (14-1), we obtain for Ay, the 
transfer gain with feedback, 


(14-8) 


Aww 
8 Secs: w2)8 -F wyo(1 - BA,) (14-9) 
or 
— Ag : 
si (s/e.)? + (1/Q) (s/w) + 1 (14-10) 


where A.,, the midband gain with feedback, is given by Eq. (14-4) and w, and 
Q are defined by 


o =Vowil+pA) Qu —” (14-11) 


wi + we 


The poles of Ay are 


s ig See 98 
ee i 4 (14-12) 


jw 
Sif s—plane 
Q > 0.5 
Isl = wo 
C@ ain Q = 05 aa el 
—x % o 
sia | 8, = - 0 
M+, ow, 
2. 2 | 
Q>05 
Je 


Fig. 14-3 Root locus of the two-pole transfer function in the 
s=a+ jw plane. The value Quin corresponds to BA, = 0. 
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, 
or 
ga 7) + oa Ot + oO /1 — 42 (14-13) 


where the value w. Q = w: + we from Eq. (14-11) is used. For negative feed- 
back we shall assume @A, to be real and positive. Hence the minimum value 
of Q is obtained for GA. = 0 or Qmin = ~Weywe,’(@1 + or). Substituting Qmin 
into Eq. (14-18) yields, after a little algebraic manipulation, the two values 


Sig = —ay and Soy = —wo. Clearly, this result is correct, since if 6A, = 0, 
the poles with feedback (si; and s2;) must coincide with the poles (s} = — 
and s2 = —we) of the basic amplifier before feedback is added. 


Root Locus?? The movement of the poles in the s plane (s = ¢ + jw) 
as the feedback is increased is indicated in lig. 14-3. The poles start at —w1 
and —w. at Qmin and move toward each other along the negative real axis as 
Q is increased until at @ = 0.5 the poles coincide. This behavior follows 
from Eq. (14-13), which shows that the values of s are real for Q < 0.5, 
and at Q = 0.4 the poles coincide at the value —4(w; + ow). For Q > 0.5 the 
two values of s become complex conjugates with the real part remaining at 
—+(w; + we), as sketched in Vig. 14-3. Incidentally, the magnitude of a 
complex pole is |s| = w. This result is obtained by taking the magnitude of 
Eq. (14-12) for Q > 0.5. Thus 


2 1 1 1 
4Q? + i(4 = x) =1 or [Sis] = [Say] = wo 


The shaded path in Fig. 14-3 is known as the root locus of the poles. 

Note that for all positive values of 8A, the transfer function has poles 
which remain in the left-hand s plane (the poles have negative real parts). 
Therefore the negative feedback amplifier is stable; independent of the amount of 
feedback. This statement is true for a single-pole or double-pole transfer gain, 
but may not be true if three or more poles are present (Sec, 14-3). 


s 


Wo 


Circuit Model We now demonstrate that the network in I’ig. 14-4 is the 
analog of the two-pole feedback amplifier. The transfer function is found 
to be 

V..(s) 1 


Vis) LC + s(L/R) +1 (14-14) 
Introducing 
_ il _ Rk _ IC 
eae. TE NG (14-15) 
leads to 
v0 ; oe (14-16) 


Vis) (S/o)? F A/Q)(5; 00) FT Avy 


Sec. 14-2 STABILITY AND OSCILLATORS / 453 


Fig. 14-4 A circuit model for a two-pole 
feedback amplifier. 


where the second equality follows from Eq. (14-10). Clearly, Fig. 14-4 is a 
circuit model of a two-pole feedback amplifier in the sense that both have the 
same frequency, phase, and transient response; the transfer gain of the amplifier 
ts Aor times the transfer function of the network. Physical meanings can now 
be given to the symbols w, and Q, introduced in connection with the feedback 
amplifier. From Eqs. (14-15) it is evident that 


w = undamped (f = ©) resonant angular frequency of oscillation 
Q = quality factor (Q) at the resonant frequency 


Frequency Response If in Eq. (14-16) s is replaced by jw, then the 
magnitude of this expression gives the frequency response of the two-pole 
amplifier with feedback. It is convenient to use the damping facior k in place 
of Q. These are related by 


é., 
k= 20 (14-17) 
Thus, from Eqs. (14-16) and (1417), we obtain 
Ay 1 
= 14-18 
Aos| VL — (w/a) *]? + 4K? (w/ 0)? 


The peaks of this function are obtained by setting the derivative of the quan- 
tity under the square-root sign equal to zero. We find that a peak occurs at 


w = a V1 — 2k? (14-19) 

and the magnitude of the peak is given by 
= ——— 14-20 
Aos peak 2h V1 — k? ( ) 


Note that if 2k? > 1 ork > 0.707 or Q < 0.707, the frequency response will not 
exhibit apeak. A plot of the normalized frequency response is given in Fig. 14-5. 


Step Response It has been proved in this section that regardless of how 
much negative feedback is employed, a two-pole amplifier remains stable (its 
poles are always in the left half s plane). However, if the loop gain 6A, is too 
large, the transient response of the amplifier may be entirely unsatisfactory. 
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Fig. 14-5 Normalized plot of frequency response of a two-pole 
amplifier with feedback (k = 1/2Q). 


For example, in Fig. 14-6 there is indicated one possible response to a voltage 
step. Note that the output overshoots its final value by 37 percent and oscil- 
lates before settling down to the steady-state voltage. For most applications 
such a violent response is not acceptable. 

The important parameters of the waveform are indicated in Fig. 14-6 and 
are defined as follows: 


Rise time = time for waveform to rise from 0.1 to 0.9 of its steady-state 
value 

Delay time = time for waveform to rise from 0 to 0.5 of its steady-state 
value 

Overshoot = peak excursion above the steady-state value 

Damped period = time interval for one cycle of oscillation 

Settling time = time for response to settle to within +P percent of the 
steady-state value (P specified for a particular application, say P = 0.1) 


Analytical expressions for the response of the amplifier to a step of ampli- 
tude V is obtained by setting Vi(s) = V/s into Eq. (14-16) and solving for the 
inverse Laplace transform. Recalling from Eq. (14-17) that Q = 1/2k, the 
poles, given in Eq. (14-12), can be put into the form 


8 = —kao + w Vk? — 1 (14-21) 
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v, (2) 


Delay time Settling time 


Fig. 14-6 The step response of a two-pole feedback amplifler for a 
damping factor k = 0.3. 


If k = 1, the two poles coincide, corresponding to the critically damped case. 
If & < 1, the poles are complex conjugates, corresponding to an underdamped 
condition, where the responise is a sinusoid whose amplitude decays with time. 
If k > 1, both poles are real and negative, corresponding to an overdamped 
circuit, where the response approaches its final value monotonically (without 
oscillation). For the underdamped case it is convenient to introduce the 
damped frequency 


w= V1 — Ba (14-22) 


and the response »,(¢) to a step of magnitude V into an amplifier of midband 
gain A., is given by the following equations: 


Critical damping, k = 1: 


ne = 1—(1+ ae . (14-28) 


Overdamped, k > 1: 


v(t) 1 ly 1 —hawagt . 
= — —__—____ _/f — Woh ‘ao! 14-24 
VAs aa/BS 1 (is Kea © oe 
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Fig. 14-7 The response of a two-pole feedback amplifier to an 
input step [y = v,()/VA gy; and x = wf ‘2a = t'T'). 


where ; 
ky Sk —+/k? —1 and kp =h+/k? —1 


If 4k? >> 1, the response may be approximated by 


Volt) we ] — evel stk 

ae al (14-25) 
Underdamped, k < 1: 

volt) _ = Keavg .. —Keogt 

VAG 1 (= sin wat + cos v4) € (14-26) 


These equations are plotted in Fig. 14-7 using the normalized coordinates 

x =1'T, and y = v(t), VAs, where T, = 2r/w, is the undamped period. If 
the derivative of Eq. (14-26) is set equal to zero, the positions x = x, and 
magnitudes y = Ym of the maxima and minima are obtained. The results are 
Wolm m Vo(tem) 


a oe OEE, Oe PA, 


= 1— (—1)te2r= (14-27) 


where m is an integer. The maxima occur for odd values of m, and the minima 
are obtained for even values of m. By using Eq. (14-27) the waveshape of 
the underdamped output may be sketched very rapidly. ¥rom Eq. (14-27) it 
follows that the overshoot is given by exp |—rkm/(1 — k?)}]. 

Note that for heavy damping (k large or Q small) the rise time ¢, is very 
long. Ask is decreased (Q or BA, increased), ¢, decreases. For the critically 
damped case we find from Fig. 14-7 that t, = 0.537, = 3.33/w,.. If the feed- 
back is increased so that & < 1, the rise time is decreased further, but this 
improvement is obtained at the expense of a ringing (oscillatory) response which 
may be unacceptable for some applications. Often k > 0.707 (Q < 0.707) 
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is specified as a satisfactory response (corresponding to an overshoot of 4.3 per- 
cent or less). 


14-3 THREE-POLE TRANSFER FUNCTION WITH FEEDBACK 


In the previous two cases of single-pole and double-pole transfer functions 
we verify that the feedback-amplifier transfer function always has poles which 
lie in the left-hand plane. We now consider « three-pole transfer function and 
find that if the loop gain is sufficiently large, the poles of the feedback amplifier 
move into the right-hand plane, and thus the circuit becomes unstable. 

Let us assume the open-loop gain to be given by 


A 


A) = GF seayCl + san) 8a) si 
Using Eq. (14-1) for the gain with feedback, we find 
ss Aos 
ANS) = GJay® ¥ alsa) + GU/a0) + 1 eons 


where As is the midband gain with feedback and w, az, and a: are given in 
Prob. 14-14. The stability of the feedback amplifier is determined by the poles 
of its transfer function. The techniques for the construction of the root locus 
of Eq. (14-29) are given in Ref. 1. The general shape of the root locus is 
shown in Fig. 14-8. It is clear that the poles start at —w:, —we, and —ws 
when 8A, = 0. As BA, is increased one pole, s3y increases in magnitude but 
always remains on the negative real axis, while the other two poles, sey and siy, 


fp Unstable 


s-plane 


je 


& 
Fig. 14-8 Root locus of the ie 


three-pole transfer function 
in the s plane. The poles = 
without feedback (8A, = 0) Sx 8g = —Wy 8p = —We 5, =— Oy c 
are 81, So, and s3, whereas the 

poles after feedback is Sy x 
added are sy, Soy, and Sgy. 


ace 
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approach each other, and then become complex conjugates when they break 
away from the real axis. The real part of sey and si, is negative when the 
roots coincide. However, as 8A, increases beyond this critical value, the 
real part of sz and s; becomes less negative. It is shown in Ref. 2 that if 
wr = 0.1 XK 108, w. = 0.7 X 108% andws = 1.8 * 10% rad/s, the complex conju- 
gate poles so; and sir move into the right-hand plane when BA, = 31. We 
conclude that a three-pole amplifier can become unstable if sufficient negative 
feedback is applied to it. 


14-4 APPROXIMATE ANALYSIS OF A MULTIPOLE 
FEEDBACK AMPLIFIER 


In the general case, the response of a feedback system with three or more poles 
is so complicated that a computer must be used to obtain asolution. However, 
if the open-loop poles are widely separated, a simple approximate method of 
analysis is possible. We describe this technique now. 

Assume that we have obtained the poles [si] < [se] < [ss] - - - < |s,| by 
removing the feedback. This can be done by measuring in the laboratory the 
‘corner frequencies of the Bode plot, or the poles may be calculated. We wish 
to determine the closed-loop response. In the preceding section we note that, 
for a three-pole amplifier, the effect of adding feedback is to bring the poles 
s, and s, closer together along the real axis and to separate further the poles 
s. and s, (Fig. 14-8). Hence, if the second and third poles without feedback 
are at least two octaves apart (s3/s, > 4), they will be separated even further 
apart after feedback is added (sa;/say > 4). The response of an amplifier with 
three (or more) poles is determined approximately by the two lowest poles, s, and 
S2, provided that |s3/se| > 4. 

The above conclusion is consistent with the fact that for a set of widely 
separated poles, the higher poles will remain almost fixed for moderate amounts of 
feedback.? Hence we can use the theory in Sec. 14-2 for a double-pole transfer 
function with feedback to describe a multipole amplifier with widely separated 
poles. In other words, k is calculated for the first two poles, and then the 
frequency response is found from Fig. 14-5 and the transient response from 
Fig. 14-7, 

It is convenient to introduce 7 as the ratio of the first two open-loop poles: 


n=ta%y] (14-30) 


and then from Eq. (14-11) the Q is given in terms of n, and the desensitivity 
1 + 6A, by 


wntaeay.« | 
gq = VE) =x (14-31) 
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Dominant Pole If the first two open-loop poles are widely separated and 
if the desensitivity is not too great, the first two closed-loop poles may be more 
than two octaves apart. Under these circumstances the response is simply 
that of a single (dominant) pole, and is discussed in See. 12-4. 

We now determine the maximum value of Q for which a dominant pole 
exists. From Eq. (14-13), with n = w2/a1, the two lowest poles with feedback 
are 


sy = SED Gy _ VIA 


soy = TD 4 Vay (14-32) 


Setting s/s; > 4, we find Q< 0.4 = Qmax. For the poles of an amplifier 
with feedback to be separated by at least two octaves, Q must be no larger than 0.4 
(or Q? < 0.16). Incidentally, if Q increases to 0.5, the two poles coincide. 

If Q < 0.4, the dominant pole is sy in Eq. (14-82). If 4Q? « 1, this equa- 
tion yields (Prob. 14-20), for the upper 3-dB frequency, 


far ~ ($5) 0+ 8A + 0 | (14-88) 


In the following sections we analyze a number of feedback amplifiers 
by the approximate method outlined above and compare the results with exact 
computer solutions. 


14-5 VOLTAGE-SHUNT FEEDBACK AMPLIFIER— 
FREQUENCY RESPONSE 


We see in the preceding sections that negative feedback in general increases 
the bandwidth of the transfer function stabilized by the specific type of feed- 
back (topology) used in a circuit. For example, voltage-series feedback 
increases the upper 3-dB frequency fy of Ay to the value fy; = (1 + BAy)fu 
after feedback is employed, provided Ay is a single-pole transfer function. 
We shall now examine specific feedback-amplifier circuits and obtain their 
frequency response.’ We start with a voltage-shunt feedback amplifier. 

Figure 13-20a shows a common-emitter stage with a resistance R’ con- 
nected from collector to base. Clearly, this is a case of voltage-shunt. feed- 
back, and we expect the bandwidth of the transresistance Ry; = V. ‘Is to 
be improved due to the feedback through R’. The example in Sec. 13-11 deals 
with this amplifier of low frequencies. Let us now examine the frequency 
response of the transresistance Ry; and of the voltage gain Ay; = V,’V;. The 
circuit of Fig. 14-9a is the same as Fig. 13-20a, with the transistor replaced 
by the hybrid-II equivalent circuit. The loading effects of the 8 network on 
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Fig. 14-9 (a) CE amplifier with voltage-shunt feedback; (b) the A net- 
work including the loading of R’. 


the basic amplifier without feedback are included in Fig. 14-9, which is 
equivalent to Fig. 13-20b. The voltage source is represented by its Norton’s 
equivalent current source I, = V./R,. Since Fig. 14-96 is equivalent to 


Tig. 11-10, then from Eq. (11-37) we find the transfer function Ry without 
feedback: 


Ry ava —RiRGi(gn — Ce) 
sa IT, s?C CR, + siC. + C. + CRUGn + Jo'e + Gi)| -+ Gy + Go'e 
(14-34) 


where the following abbreviations are introduced: 


Ri = R,||R! = 4||40 = 3.64 K 
R =R,||R’ = 10\\40 = 8.00K 


Ry = Rt rw = 810K =o 
1 
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We assume that C, = 100 pF, C, = 3 pF, rs = 100 Q, and to be consistent 
with the low-frequency A parameters, we have from Eq. (11-16) 


Tore = hie — Te = 1,100 — 100 = 1,000 2 
and 
Im = Yoreltre = 50 mMA/V 


With these numerical values, Ry is given by 


s — 16.6 X 10° 


y, 
T, (s + 600 X 10°)(s + 1.70 x 105) 


Ru = = 0.985 * 10?° 


(14-35) 


Dominant Pole We see from Eq. (14-35) that we have a double-pole 
transfer function. However, the zero and one of the poles are much higher 
than s; = —1.70 X 108 rad/s, and thus s; is a dominant open-loop pole. The 
question now arises whether the amplifier will have a dominant pole after 
feedback is applied to it. Thus we must check to see if Q < Qmax = 0.4. 

From Eq. (14-35), with s = j2rf = 0, we obtain the midband transresis- 
tance 

Ruo = 1.60 X 105 (14-36) 


and from Sec. 13-11, 8 = —1/R’ = —2.50 X 10-5 and 


1+ BRue = 1 + 1.60 X 2.50 = 5 


Since 


then from Eq. (14-31) 


(353) (5) 
(354)? 


Q? = (1 + BRaw) = = 0.0141 (14-37) 


(+1)? =: 1)? 


Since Q? < Qmax? = 0.16, a dominant pole does exist, and its value is given by 
Eq. (14-83) because 4Q?<« 1. Since 


1 _ 1.70 X 10° 


pa on Hz = 0.271 MHz 


fu = 


then the high 3-dB frequency with feedback is 


Sus = Jat 7 + BRwo)(1 + Q2) = (0.271) (888) (5)(1 + 0.0141) 


= 1.37 MHz 
Since 
Rao —1.60 105 


= 4 
ee EF <r 
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| TTT 


Fig. 14-10 Computer-obtained frequency response of 
normalized transfer functions Rar/Ruo and Ruj/Rauy. of 
the amplifier shown in Fig. 14-94. Rar. = 104 dB and 
Ruto aa 90.1 dB, 


then, with f in megahertz, 
—3.20 X 104 


Ray = T + 9(f/1.37) (14-38) 
The voltage gain with feedback is given by 
_ Vo _ Vo _ Ruy _ —3.20 
Bee Te Re EIST (ee) 


From Eqs. (14-38) and (14-39) we see that Ruy and Ay, have the same upper 
3-dB frequency. ; 

In Fig. 14-9a we show the amplifier with feedback. Exact analysis of 
the cireuit shown in Fig. 14-90, using the CORNAP computer program, ® yields 
the same values for the zero and two poles as in Eq. (14-35) for Ru. Computer 
analysis of the circuit shown in Fig. 14-9a yields for Ray two poles (in radians 
per second), 


Siz = —8.60 X 10° Soy = —5.95 X 108 
and one zero, 

Ssy = 15.3 XK 10° 
Note that s2s/siy >> 4, verifying our conclusion of a dominant pole. The fre- 
quency response for Ra and Ry, is plotted in Fig. 14-10. From these curves 


we find fy = 270 kHz and fy; = 1.37 MHz, in excellent agreement with the 
values obtained with the dominant-pole approximate analysis. 
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14-6 CURRENT-SERIES FEEDBACK AMPLIFIER— 
FREQUENCY RESPONSE 


A common-emitter stage with an unbypassed emitter resistance represents a 
case of current-series feedback. The low-frequency operation of such a stage 
was studied in Sec. 13-10. In Fig. 14-11a the stage is shown with biasing and 
power supplies omitted. We shall obtain the frequency response of this ampli- 
fier using feedback concepts. Clearly, the transfer function which is stabilized 
is the transconductance Gy = I,/V,, and since V, = I,R,, then Ay = R.Gu 
is also stabilized if R, is a stable resistance. By referring to Fig. 13-16a and 8, 
we construct the A network shown in Fig. 14-118, which is used for the caleu- 
lation of the open-loop gain, taking the loading of the @ network into account. 
Note that 2, appears in both input and output loops and that the transistor is 
replaced by its hybrid-II model. From this figure we find for the transfer 
function Gy = I./V, without feedback 
Gu = CACE! cae sC.) 
M 9C.C.Rt + [Ce + Ce + C.Ri Gm + gore + G)) + GTA gue 
(14-40) 


B (1000) + 


(a) 


R, Rp ly v Cc, 4 R, 
°. : dl 


WN 
(100 Q) 


(50 2) (100 2) 


(b) 


Fig. 14-11 (a) Current-series feedback amplifier at high fre- 
quencies, (6) The basic amplifier without feedback but taking 
the loading of the 6 network (R,) into account. 
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where we make use of Eq. (11-37) and introduce 


Rr=R,+R,=1.1K 
and 
1 1 


—_ 3 
Wen Pragceh. oe ee 


With gn = 50 X 107* A.’V, we obtain 


167 X 108 — s 


re 4 
Gar = —3.67 X 10° 7 yaaa x 10s F B4B XK 105) 


(14-41) 


Dominant Pole We now check to see ifs = —0.182 & 108 rad ’s results 
in a dominant pole after the loop is closed. The transconductance Gyro at low 
frequencies is found by substituting s = 0 in Hq. (14-40) or by using the value 
given in Eiq. (13-53). In either case we find 

— Gm 4x 10—-* X 50 X 104 


an eit Ss = 2 A V 
Cato Go Gee 4X 107? + 1073 £ / 
(14-42) 


Since from Sec. 13-10, 6 = —R, = —100 , then 1+ 6Gy, =1+4 = 5. 
With 


_w2 _ 845 _ 
Wo Gaga oe 
then from Eq. (14-31) 
2. ft = 46.8 X 5 = 
O = Gap ll + BG) = “Gree = 0.102 


Since Q? < Qmax? = 0.16, a closed-loop dominant pole does exist. The open- 
loop dominant-pole high 3-dB frequency is 


_ 0.182 X 108 


fu Om Hz = 2.90 MHz 


and the closed-loop dominant frequency is given by Eq, (14-32): 
fas = 7 (n+ 1) —- V1 — 4Q%) 


ee 1 — 0.408) = 16.0 MHz 


2 
Since 
_ Guo _ 4 K 107 bs 7 
Gatos = T+ iGus 5 8 X 10-3 A/V (14-43) 
then, with f in megahertz, 
a 3 
Guy = ee (14-44) 


1+ 9(f/16.0) 
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Fig. 14-12 Computer-obtained frequency response of the 
amplifier shown in Fig. 14-T1a. 


The voltage gain Avy; = R.Gaus = 1,000G'; has the same value of upper 
3-dB frequency as the transconductance gain. The upper 3-dB frequency is 
fas = 16.0 MHz. An exact computer analysis? of the circuit shown in Fig. 
14-116 yields the same value of the zero and the two poles as in Eq. (14-41) 
for Ga. For Guys the computer analysis yields two poles (in radians per 
second), 

Sip = —1.025 X 108 Ses = —7.65 X 108 


and two zeros, 
83, = 10.2 * 108 say = —16.3 X 108 


The frequency response for Ay; is plotted in Fig. 14-12, from which we 
read fx; = 16.0 MHz which is identical with that obtained using the dominant- 
pole approximation. 


14-7 CURRENT-SHUNT FEEDBACK PAIR—FREQUENCY RESPONSE 


In Sec. 13-11 the low-frequency response of a current-shunt feedback pair 
shown in Jig. 13-18 is analyzed. This amplifier stabilizes the current gain 
Ary = Io, Is, and since from Eq. (13-70) we have Avs = ArjReo/R., then the 
voltage gain is also stabilized if R.2 and R, are stable resistors. In other words, 
Ary and Ay; have the same dependence on frequency. TVigure 13-18 is redrawn 
in Fig. 14-134 for high-frequency caleulations using the hybrid-H equivalent cir- 
cuit, with g, = 50 mA, V, C. = 100 pF, C, = 3 pF, mw» = 1009, and 7, = 1K. 
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= T=2,(V, — V;) 


Fig. 14-13 (a) Current-shunt feedback pair at high frequencies. (b) The 4 net- 
work taking the loading of R’ into account. 


We desire to obtain the frequency response of Az, of the feedback amplifiershown 
in Fig. 14-134, with R, = R’ = 1.2K, Re = 5002, Ra = 3K, and R. = 509. 
These are the same parameters used in the example in Sec. 13-11. 

The gain Ar without feedback, but with the loading effects of the feedback 
network included, can be obtained from the A network of Fig. 14-13b. Since 
this network has four independent capacitors, we expect the transfer function 
for current gain to have four poles. In addition, the presence of the C, capaci- 
tor from node V. to ground will cause the gain to go to zero as 1/s ass—> ©; 
thus we must also have three zeros in the transfer function. The complexity 
of the network shown in Fig. 14-130 is such that it becomes necessary to use 
the computer for the calculation of the poles and zeros. Using the CORNAP 
computer program, ' we find 


fo _ yr ___(8 — 85)(8 = 85)(8 — 87) 
eee ia ee (s — s1)(s — 82)(s — 83)(s — 84) 


(14-45) 
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where the poles in radians per second are 
8, = —46.2 X 105 S2 
83 = —11.4 X 108 84 


—45.9 X 106 
—30.4 X 108 


I 


and the zeros are 
Ss = 16.65 & 109 Ss = 15.4 X 108 Sy = —22.55 X 108 


The exact transfer function of the amplifier with feedback shown in Fig. 
14-134 is of the form 


Sie hs I, _ ye (8s — Sa)(s — 8ey)(s — 87) (8 — Ses) 
a Nols (s — sip)(8 — 8a)(8 — 8a,)(8 — Say) 


(14-46) 


Using the CORNAP program,? we find the poles (in radians per second) 
Sis = —29.2 X 108 + 75.40 107 
Sey = —29.2 X 10° — 75.40 X 107 
fe STIS Se TO 
Sup = —30.2 X 108 
and the ‘zeros 
Ssy = 18.35 X 108 — 79.75 & 108 
Sey = 18.35 X 10% + 99.75 & 108 
sy = —21.5 X 108 
Say = —7.40 X 10° 


Note that the two highest poles are modified hardly at all by feedback, as 
predicted in Sec. 14-4. Equations (14-45) and (14-46) are plotted in Vig. 
14-14. We observe that the peak in the frequency response comes at 7.0 MHz 
and the overshoot is 1.5 dB. 


— — eeEEeeeeeeeeeSsSsee 
EXAMPLE (a) Calculate the two lowest poles of the amplifier with feedback 
shown in Fig. 14-13a, using the fact that poles s; and sin Eq. (14-45) are much 
lower than poles sy and sq (|sa/s2| > 4). (6) Compute the frequency at which the 
frequency response peaks, and find the overshoot in decibels. 


Soluiton a. We approximate the transfer function of Eq. (14-45), using the 
lowest two poles, and refer to our discussion of the two-pole transfer function in 
Sec. 14-2. Thus 


eos KU 
I, (s+ 46.2 X 105(s + 45.9 x 109 


where K” = K'ssse8z/s38q. 


Arp= 
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Fig. 14-14 Computer-obtained normalized frequency 
response of the amplifier shown in Fig. 14-13a and b. 
47, = 52.2 dB and Ary, = 27.2 dB. 


The same example is considered at low frequencies in Sec. 13-11, where we find 
14+ BA, = 17.4. Since n = 459/46.2 = 9.92, we find from Eq. (14-31) 


n 9.92 X 17.4 
Q? Saas + BA tr.) cee 144 or @=1.20 


and from Eq. (14-81) k = 1/2Q = 1, 2.40 = 0.417 and k? = 0.174. 
The poles of the amplifier with feedback can be found using Eq. (14-13) or 
Eq. (14-32). Hence s,, and sy are given by 


10.92), |. ——— 
— (46.2 x 108) (=) C.F 5-~W5.76 — 1) = (— 25.3 + j55.2)X 10° rad,'s 


as compared with the values (— 29.2 + j54.0) X 10% rad/s obtained using the com- 
puter and the exact analysis. 


b. The frequeney response peak occurs at the frequency w = w, Vi 2k?, 
given by Eq. (14-19), where 


We = Q(wi + we) = 1.20(45.9 + 4.62) x 10® = 60.05 x 10° 
as given by Kq. (14-11). Thus the response peaks at 


60.05 /1— 2X 01474 
ek = ——— Vl — 2X 0.174 = 7.7 MH 
Sp k 6.28 x d Z 
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The magnitude of the peak is given by Eq. (14-20), or at the peak we have 


Ay - 1 = 1 = 1.39 
Auw| wVY1—k 2x 0417-1 — 0.174 


or 20 log 1.82 = 2.4 dB. 
The exact analysis required the use of a computer and gave freux = 7.0 MHz 
and overshoot of 1.5 dB. 


14-8 VOLTAGE-SERIES FEEDBACK PAIR—FREQUENCY RESPONSE 


In this section we examine the frequency response of the voltage-series feed- 
back pair of Fig. 13-15. This amplifier is analyzed for low frequencies in 
Sec, 13-9. In Fig. 14-15a we show the amplifier prepared for high-frequency 
analysis, where the hybrid-IJ equivalent circuit is used to represent transistors 
Ql and Q2. The same values of transistor parameters are assumed as in the 
preceding section. The 6.6-IX load of Q; represents the parallel combination of 
Ra = 10 WK and the biasing resistors of 47 K and 33 K for Q2. In the analysis, 
we need, as before, the open-loop gain, with the loading effects of the feedback 
network taken into account. Iigure 14-15) shows this A network. From 
Sec. 13-5 we know that this type of feedback stabilizes the voltage gain 
Ay = V./V,. Thus we expect to increase the bandwidth of the voltage-gain 
transfer function. The A network of lig. 14-150 is similar to the network of 
lig, 14-138, except for the interchange of the unbypassed emitter resistance 
from the second stage to the first stage. Hence the expression for the voltage 
gain Ay is similar to A; in Eq. (14-45); that is, it has three zeros and four 
poles. 

Using the CORNAP program,’ we find from Tig. 14-158 that the poles 
(in radians per second) are 


8) = —244X 10 — s, = —26.8 X 107 
83 = —6.45 X 108 sy = —26.3 X 108 


and the zeros are 
e5 = —16.4 X 108 86 = 10.8 & 108 8; = 16.6 X 10° 


Approximate Solution Since s; is much smaller in magnitude than all 
other poles or zeros, we test to see if f; = —s,/2r = 390 kHz results in a dom- 
inant pole after feedback. We find (Prob. 14-23) that 4Q? = 0.67, which 
slightly exceeds 4Q7,,, = 0.64. This means that the second pole will not be 
quite two octaves away. I£ we ignore the presence of this second pole, the 
approximate dominant-pole solution of the closed-loop amplifier is 

ya 45.4 
1 + 3(f/9.05) 


where f is in megahertz. 


(14-47) 
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(a) 


Fig. 14-15 (a) Voltage-series feedback pair at high-frequencies. (b) The basic 


amplifier taking the loading of the 8 network into account. 


Exact Solution The exact transfer function Ay; obtained from Fig. 
14-15a, using the CORNAP program,? has three zeros and four poles. 
The poles (in radians per second) are 
sy = —6.55 X10 say = —17.4 X 107 
Sar = —6.90 X 108 Sas = — 26.2 X 108 
and the zeros are 
S5y = —17.0 X 108 Ser = 11.9 X 108 Si = 8.10 X 10° 


Note that the two highest poles are modified only slightly by feedback. 

The open-loop and closed-loop frequency responses obtained with the aid 
of the computer are plotted in Fig. 14-16, from which we find the upper 3-dB 
frequency without feedback to be 400 kHz, and the corresponding frequency 
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Fig. 14-16 Computer-obtained normalized frequency 
response of the amplifiers shown in Fig. 14-15a and b. 
Ay. = 58.4 dB and Ay,, = 33.1 dB. 


of the amplifier with feedback is 9.4 \[Hz, which should be compared with the 
approximate value of 390 kHz and 9.05 \fHz. 


14-9 STABILITY # 


Negative feedback for which |1 + Af| > 1 has been considered in some 
detail in the foregoing sections. If |1-+ AB| < 1, the feedback is termed 
positive, or regenerative. Under these circumstances, the resultant transfer 
gain A, will be greater than A, the nominal gain without feedback, since 
|A;| = |Af/|1 + Ag] > [A]. Regeneration as an effective means of increas- 
ing the amplification of an amplifier was first suggested by Armstrong.® 
Because of the reduced stability of an amplifier with positive feedback, this 
method is seldom used. 

To illustrate the instability in an amplifier with positive feedback, con- 
sider the following situation: No signal is applied, but because of some transient 
disturbance, a signal X, appears at the output terminals. A portion of this 
signal, — 8X, will be fed back to the input circuit, and will appear in the output 
as an increased signal — Af X,. If this term just equals X,, then the spurious 
output has regenerated itself. In other words, if —A@X, = X, (that is, if 
— AB = 1), the amplifier will oscillate (Sec. 14-15). Hence, if an attempt is 
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made to obtain large gain by making |4§| almost equal to unity, there is the 
possibility that the amplifier may brealc out into spontaneous oscillation. This 
would occur if, because of variation in supply voltages, aging of transistors, 
etc., —AB becomes equal to unity. There is little point in attempting to 
achieve amplification at the expense of stability. In fact, because of all the 
advantages enumerated in Sec. 13-2, feedback in amplifiers is almost always 
negative. However, combinations of positive and negative feedback are used. 


The Condition for Stability If an amplifier is designed to have negative 
feedback in a particular frequency range but breaks out into oscillation at some 
high or low frequeney, it is useless as an amplifier. Hence, in the design of a 
feedback amplifier, it must be ascertained that the circuit is stable at ald 
frequencies, and not merely over the frequency range of interest. In the sense 
used here, the system is stable if a transient disturbance results in a response 
which dies out. A system is unstable if a transient disturbance persists 
indefinitely or increases until it is limited only by some nonlinearity in the 
circuit. In See, 14-3 it is shown that the question of stability involves a 
study of the poles of the transfer function sinee these determine the transient 
behavior of the network. If a pole exists with a positive real part, this will 
result in a disturbance increasing exponentially with time. Hence the condi- 
tion which must be satisfied, if a system is to be stable, is that the poles of the 
transfer function must all lie in the left-hand half of the ecomplex-frequency 
plane. If the system without feedback is stable, the poles of 4 do lie in the 
left-hand half plane. It follows from Eq. (14-1), therefore, that the stability 
condition requires that the zeros of 1 + Af all lie in the left-hand half of the com- 
plex-frequency plane. 


The Nyquist Criterion Nyquist*® has obtained an alternative but 
equivalent condition for stability which may be expressed in terms of the 
steady-state, or frequency-response, characteristic. It is given here without 
proof: Since the product Af is a complex number, it may be represented as a 
point in the complex plane, the real component being plotted along the X axis, 
and the 7 component along the Y axis. l'urthermore, .1f is a funetion of fre- 
quency. Consequently, points in the complex plane are obtained for the 
values of A corresponding to all values of f from —« to +. The locus 
of all these points forms a closed curve. The criterion of Nyquist is that the 
amplifier is unstable if this curve encloses the point —1 + j0, and the amplifier 
as stable if the curve does not enclose this point. 

The criterion for positive or negative feedback may also be represented 
in the complex plane. T'rom lig, 14-17 we see that |1 + Ap] = 1 represents 
a circle of unit radius, with its center at the point ~1-+ j0. If, for any 
frequency, Af extends outside this circle, the feedback is negative, since then 
|1 + Af| > 1. If, however, A lies within this cirele, then 1+ Ap| <1, 
and the feedback is positive. In the latter case the system will not oscillate 
unless Nyquist’s criterion is satisfied. 
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‘Fig. 14-17 The locus of |1 + A6| = lisa 
circle of unit radius, withits center at —1 + 70. 
If the vector AB ends in the shaded region, 
the feedback is positive. 


Positive feedback’ 


illustration Consider an amplifier with an open-loop dominant pole so 
that the transfer gain is represented by Eq. (14-2). Hence 


__ BA, ‘ 
ba = TER iti 
BA + BA 5 = BA, (14-49) 


Since @A is a vector in the complex BA plane, then j8A(f/fx) is at right 
angles to BA, and from Eq. (14-49) the sum of these two vectors is 8A, which 
is a constant for 6 independent of frequency. Hence we see from Fig. 14-18 
that 8A, is the diameter of a circle, and the bottom half of this circle is the 
locus of GA as a function of positive values of frequency. In other words, the 
bottom semicircle (in the right half plane) is the polar plot of 6A for positive 


Im(8A) 


Negative frequencies 


\ 
~14 0 f=0 Re(BA) 


IBAGfy) 


wo 
Positive frequencies 


Fig. 14-18 For a dominant-pole amplifier, the locus (for all 
values of frequency) of BA in the complex fA plane is a 
circle in the right half plane. 
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frequencies. In a similar manner it can be shown that the upper semicircle 
is the locus of 6A for negative frequencies. 

Since the locus 6A does not enclose the point —1 + j0, the amplifier is 
stable and the feedback is negative for all frequencies. Alternatively, it is 
noted from the diagram that |1 + 6A|> 1 for all frequencies, which is the 
condition for negative feedback. 


14-10 GAIN AND PHASE MARGINS 


In the preceding section, we examine two criteria for determinine whether a 
feedback amplifier is stable or unstable. Often it is difficult to apply either 
of the above conditions for stability to a practical amplifier. It should be 
clear from the foregoing discussion that no oscillations are possible if the magna- 
tude of the loop gain |Ap| zs less than unity when the phase angle of AB is 180°. 
This condition is sought for in practice to ensure that the amplifier will be 
stable. ; 

Consider, for example, a three-pole transfer function given by Eq. (14-28). 
To be specific, we can assume that this gain represents three cascaded stages, 
each with adominant poleduetoshunteapacitance. To simplify the discussion, 
consider that the amplifier stages are noninteracting, and that the poles are 
equal; w: = w2 = 3. (The general case of nonidentical poles is considered 
in the next section.) There is a definite maximum value of the feedback frac- 
tion |6| allowable for stable operation. To see this, note that at low frequencies 
there is a 180° phase shift in each stage and 540°, or equivalently 180°, for the 
three stages. In other words, the midband gain A, in Eq. (14-28) is negative. 
Since we are considering negative feedback, then 1 + 8A, > 1 and 6 must be 
negative (it is assumed to be real). At high frequencies there is a phase shift 
due to the shunting capacitances, and at the frequency for which the phase 
shift per stage is 60°, the total phase shift of A is zero, and of Af is 180°. If 
the magnitude of the gain at this frequency is called Ago, then 8 must be chosen 
so that A s9|6| is less than unity, if the possibility of oscillations is to be avoided. 
Similarly, because of the phase shift introduced by the blocking capacitors 
between stages, there is a low frequency for which the phase shift per stage is 
also 60°, and hence there is the possibility of oscillation at this low frequency 
also, unless the maximum value of is restricted as outlined above. 

It should now be apparent that instead of plotting the produet Ag in 
the complex plane, it is more convenient to plot the magnitude, usually in 
decibels, and also the phase of A@ as a function of frequency. If we can show 
that |.46| is less than unity when the phase angle of Af is 180°, the closed-loop 
amplifier will be stable. 


Gain Margin The gain margin is defined as the value of |AB| in decibels 
at the frequency at which the phase angle of A@ is 180°. If the gain margin is 
negative, this gives the decibel rise in open-loop gain, which is theoretically 
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permissible without oscillation. If the gain margin is positive, the amplifier 
is potentially unstable. This definition is illustrated in Fig. 14-19. 


Phase Margin The phase margin is 180° minus the magnitude of the 
angle of Af at the frequency at which |A§| is unity (zero decibels), The mag- 
nitudes of these quantities give an indication of how stable an amplifier is. 
For example, a linear amplifier of good stability requires gain and phase margins 
of at least 10 dB and 50°, respectively. This definition is illustrated in Tig. 
14-19. 


14-1] COMPENSATION’? 


In the preceding section we establish that if 8A = 1 ‘180°, the feedback ampli- 
fier will be unstable. I’or this condition to occur with resistive feedback, it is 
necessary that the A network, or forward transfer function, must have more 
than two poles. For a multistage amplifier, if the open-loop gain |@A| is unity 
when the phase shift is 180°, the closed-loop amplifier will oscillate. Compen- 
sating techniques reduce the amplifier gain A at those frequencies for which 
phase shift is high. 


Three-pole Amplifier To illustrate the stability problem in greater detail — 
than in the preceding section, consider an amplifier with voltage gain 


—103 


( +A) O45 5)( +i4) 


Ay = 


(14-50) 
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where f is in megahertz. The three poles are at f; = 1, fo = 10, and fs = 50 
MHz. If we sample the output voltage V, and return a fraction BY, in series 
opposition to the input voltage, the feedback-amplifier voltage gain Avy, will 
be given by Eq. (14-29). For negative feedback, 8 must be a real negative 
number, and we assume it is independent of frequency. This amplifier will 
oscillate when — Av|6| = 1/180°, or when the magnitude of the gain | Ay| is equal 
to |1/8| and the phase of — Ay is 180°. 

In Fig. 14-20 we show the ideal Bode plot of |Ay| and the phase of — Ay 
versus frequency. The breaks in the magnitude plot occur at Si, fo, and fa, and 
the slope of the lines increases by 20 dB per decade (6 dB per octave) after each 
break, as discussed in Sec. 12-4, The phase curve is more complicated, and 
hence the contribution to the phase @ by each pole is indicated separately by 
the dashed lines. For example, the curve marked 6, corresponds to the pole 
at fo. Consistent with the discussion in Sec. 12-4, 6. = 0 for f < 0.1f2 and 
9 = —90° for f > 10fo, and #2 decreases by 45° per decade for O.1fe <f < 10fo. 
At f =f. = 10 MHz, 6. = —45°. The resultant phase at any frequency is the 
sum of the three dashed curves at that frequency, and is indicated by the 
shaded line plot. 

We see from Fig. 14-20 that the phase of —Ay is 180° at f = 22 MHz. 
Hence, if |1’] = |Av| = 26 dB, the amplifier will oscillate at f = 22 MHz. 
If we desire to maintain a phase margin of 44°, which occurs at f=8 MHz, 
we must have 


1 
F = |Av|l(f = 8 MHz) = 42 4B 
fh f, hy 
TT t 
gle 4yd rlAvil [20 ab/decade a ; 
SECT TPE Ta 
80 | € sseyacente-ftr= =p tT Ab evade os 
40 \Phase-¥ [1 =7Ny Cio = ph -9 § 
| m3 _ —90°/decade ~45°/decade Lae XS 
> [ ica are NK )-|-40 dB/decade 8 
x 20 F 90° /decade* |! Ay ~180 g 
10 + il | H Phase of —Ay_| _ 995 A 
0 THe | 1M ~270 
4 Viadana oh — 45° /decade 
rik CPU FATT 
0.1 0.5 1 5 810 22 50 100 “500 
f, MHz 


Fig. 14-20 The open-loop voltage gain |A}| (solid lines) and phase of — Ay 
(shaded lines) of a three-pole amplifier. The dashed fines are the phase con- 
tributions from each pole. 
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Since 
20 log \BAvol © 20 log |Ave| — 20 log| 5 (14-51) 


then the maximum loop gain for a phase margin of 45° is 


BAvolmax = 60 ~ 42 = 18 dB 


In some applications the desensitivity afforded by this loop gain may not be 
sufficient, and then compensation is used to increase the maximum loop gain 
while maintaining the same phase margin. 


General Methods of Compensation The essential idea of compensation 
is to reshape the magnitude and phase plots of 8A so that (@A{ < 1 when the 
angle of @A is 180°. There are three general methods of accomplishing this 
goal: 


1. Dominant-pole, or lag, compensation. This method inserts an extra pole 
into the transfer function at a lower frequency than the existing poles. Such 
a circuit introduces a phase lag into the amplifier. 

2. Lead compensation. The amplifier or the feedback network is modified 
so as to add a zero to the transfer function, thereby increasing the phase. 

3. Pole-zero, or lag-lead, compensation. This technique adds both a pole 
(a lag) and a zero (a lead) to the transfer gain. The zero is chosen so as to 
cancel the lowest pole. 


These methods are discussed in detail in the follewing sections. 


14-12 DOMINANT-POLE COMPENSATION 


The amplifier ts modified by adding a dominant pole, that is, a pole much 
smaller in magnitude than all other poles in the forward transfer function. 
Consequently, the loop gain drops to 0 dB with a slope of 6 dB per octave at a 
frequeucy where the poles of Ay contribute negligible phase shift. 

Suppose we modify Ay of Iq. (14-50) by adding a dominant pole so that 
the new forward transfer function becomes 


a 
Ov TCG /fe) 


where fa << 1 MHz. This can be accomplished by a simple #C network placed 
in the forward amplifier, as shown in lig. 14-21, or by connecting a capacitance 
C from a suitable high-resistance point to ground. Jet us assume fe = 1 kHz, 
and the Bode plots are then given in I'ig. 14-22. We now see that a phase 
margin of 45° oceurs at f = 1 MHz and that |Ay| = |1,'g] at this frequency 
is 0 dB. Hence, from Eq. (14-51), the maximum loop gain |6Avo|max for a 
phase margin of 45° is 60 dB. 


Av (14-52) 
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¥; R v, 
° NIN .) 
T Fig. 14-21 Dominant-pole compensa- 


tion. 


It is interesting to compare the bandwidth of the feedback amplifier with 
and without compensation. For an amount of feedback of |8Ayv.| = 10 dB, 
Fig. 14-20 yields fury = 3 MHz, and from Fig. 14-22, we find for the compen- 
sated amplifier fuy = 3 kHz. This clearly demonstrates that the dominant- 
pole compensation technique wastes the available bandwidth, and other 
methods of compensation must be used if we desire maximum bandwidth. 


J4-13 POLE-ZERO (LAG-LEAD) COMPENSATION 


In this type of compensation the forward transfer function A is altered by 
adding both a pole and a zero, with the zero at a higher frequency than the 
pole. Figure 14-23 shows the forward amplifier with the pole-zero network 
cascaded with it. The transfer function of the phase network is found to be 


Va _ 1+ 40/f0 ; 
Ve 1 +3U/fe) eee) 


Phase of — A’, deg 


oH 
~20 ae { || ~40 dB/octave Li 
~30 
sot at KA f 
1k 5 10k 50 100k 500 1M 5 10M 
f, He 


Fig. 14-22 The open-loop gain |A}| (solid lines) and the phase of — 44, (shaded 
lines), where Aj, represents Ay of Fig. 14-20 augmented by a dominant pole at 
1 kHz. 
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Fig. 14-23 Pole-zero compensation. 


where 
few 1 ae il 
= Dahee P  On(Ry + Re)C 
The Bode plot of Eq. (14-53) is shown in Fig. 14-24, from which we see that 
the phase is always negative and thus the output lags the input. If we assume 
that the compensation network does not load the amplifier, the modified 
forward transfer function becomes 
Ay = =A : 
Ce LPS 
Let us assume that Ay is given by Eq. (14-50); let us further select f, to be 
equal to the smallest pole of Ay so as to effectively cancel it. 
The forward transfer function now becomes (with f expressed in megahertz) 
= 108 


(0-49) (+546) (1 +9) 


If we set the pole at f, = 0.2 MHz, the Bode plots of the magnitude of 
A‘, and phase of — Aj are drawn in Fig. 14-24. We see that the maximum 


(14-54) 


(14-55) 


AL = (14-56) 


i, hy fy 
60 | 
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Fig. 14-24 The open-loop gain |A4| (solid lines) and the phase of — 44 (shaded 
lines), where Ay represents Ay of Fig. 14-20 augmented by a pole at 200 kHz 
and a zero at 7 MHz. 
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loop gain |GAy.| mux for a phase margin of 45° is 81 dB. However, the band- 
width for a loop gain of 10 dB is seen to be 640 kHz, as compared with 3 kHz 
for the dominant-pole compensation. 

A comparison of the dominant-pole and pole-zero compensation tech- 
niques is given in Fig. 14-25. The dominant pole is selected so that the 
compensated forward transfer function goes through 0 dB at the first pole f, 
of the uncompensated response. J'or the lead-lag compensation the zero is 
chosen equal to f;, while the pole is selected so that the compensated forward 
transfer function goes through 0 dB at the second pole of the uncompensated 
transfer function. The bandwidth improvement is also shown in this figure. 


14-14 COMPENSATION BY MODIFICATION OF THE 8 NETWORK’ 


Instead of shaping the response of the forward transfer function A, it is pos- 
sible to alter the loop gain BA by adding reactive elements to the feedback 
network 8 and thus compensate the feedback amplifier. In Sec. 12-11 we 
examine the three-stage amplifier shown in Fig. 12-20. This amplifier is 
redrawn in Fig, 14-26 as a voltage-shunt feedback amplifier. 

We assume that the feedback network does not load the forward amplifier, 
so that we can use the open-circuit forward transfer function 


Ru = Vi/Is = Vo/Vs) Rs 


derived in Sec. 12-11. 

The exact transfer function of Eq. (12-49) obtained with the aid of the 
computer yields six poles and three zeros. The loading of the reactive g net- 
work will introduce another pole much higher in frequency into the transfer 
function. For this reason we cun use the three lowest poles obtained in Sec. 


Open loop 


een; Pole-zero cancellation 


aB No compensation 


20 log |8A,| ~ 6 dB/octave 


Dominant- 
pole 
compensation 


— 12 dB/octave 


— 18 dB/octave 


! 
0 H — 
f (og scale) 


Bandwidth improvement 


Fig. 14-25 Comparison of dominant-pole and pole-zero compensation 
techniques. 
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Fig. 14-26 Compensation by modification of the feedback network. 


12-11 to approximate the transfer function Ra. Thus we have (with f in 
megahertz) 


Bee ue ae ; 45.25 X aot ; (14-87) 
(1 +i gag) (1 + 52m) (1 + ads) 
To find 8, assume a high-gain amplifier so that V,>> V; and 
y= (Gr + sCN(Vs— Vo) ~ ~G,(1 + 0G) v= Av 
Thus the loop gain becomes 
45.25 X 10°C; (a +i) 
BRyu = (14-58) 


ff ea af 
(1 +igde) (+5943) (044) 


where f, = 1/2rC;R,. The presence of C; introduces a zero in the loop-gain 
expression, which can be used for compensation purposes. If C; = 0, then 
8 = —G;, a real negative number, and the amplifier will oscillate when 
—|8|Rs = 1/180°, or when |Rar| = |1/8| and the phase of — Rar is 180°. 

The designer has the choice of where to place the zero of Eq. (14-58). 
It is found that if maximum bandwidth with no peaking in the frequency 
response is desired, there is an optimum location for the zero between the 
second-in-magnitude and third-in-magnitude poles, as we demonstrate in the 
following example. 


EXAMPLE The amplifier of Fig. 14-26 is modified so that Ry = 50 Q and 
C; = 0. Find (a) the poles and plot Av = V./V,, with Ry = «©; (b) repeat 
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Fig. 14-27 Determination of the value of C; for no peaking in the 


response, 


part a, with Ry = 5 K; (c) find Cy so that the frequency response is flat with 
no peak (with Ry = 5 K). 


Solution a. Clearly, the three-stage amplifier is too complicated for hand cal- 
culations. Using the CORNAP program and setting Ry = ©, we find the poles 
(in radians per second): 


§p3 = 


8p5 = 


—5.05 X 108 = 54) = —2.60 X 107 


7.95 X10? 854 
—441 X10? 56 


ll 


i] 


The zeros are 


$= 16.65 X 10° 
$2 = 16.65 109 + j11.15 x 104 
S23 = 16.65 X 109 — j11.15 & 108 


—3.96 X 10° 
—740 X 108 


The low-frequency gain Ay = V,/V, is found to be — 2,262, or 67.09 dB. The 
transfer function Ay(f) is plotted in Fig. 14-27. 


b. Setting Ry = 5 K and using CORNAP, we find the poles with feedback 
(in radians per second): 


qu 


Sp1 


Sp3 


8p5 = 


—8.85 X 105 — 74.73 x 107 
—10.9 X 107 
—4.41 X 10° 


Sp2 
Spa 


Sp6 


il 


—8.85 X 108 + 94.73 x 107 
~—3.96 10° 
—7.45 X 109 
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and the low-frequency gain with feedback Ay; = —95.68, or 39.61 dB. The 
complete response is shown in Fig. 14-27, 


c. From the plot of part b we see that the voltage gain peaks at f, = 8 MHz. 
If we place the zero of the 6 network at f,, we find 


1 
Crp = = 4pF 
3 ark yf ° “ 


The frequency response of Ay, with Ry = 5 K and C; = 4 pF is plotted in Fig. 
14-27, from which we see that there is no peaking. 


14-15 SINUSOIDAL OSCILLATORS 


Many different circuit configurations deliver an essentially sinusoidal output 
waveform even without input-signal excitation. The basie principles govern- 
ing all these oscillators are investigated. In addition to determining the con- 
ditions required for oscillation to take place, the frequency and amplitude 
stability are also studied. 

Figure 14-28 shows an amplifier, a feedback network, and an input mixing 
circuit not yet connected to form a closed loop. The amplifier provides an 
output signal x, as a consequence of the signal x; applied directly to the ampli- 
fier input terminal. The output of the feedback network is a, = Bx, = Apa, 
and the output of the mixing circuit (which is now simply an inverter) is 


uy = —ay = — Aa; 


From Fig. 14-28 the loop gain is 
Loop gain = ot = =—— = — fA (14-59) 


Suppose it should happen that matters are adjusted in such a way that the 
signal x; is identically equal to the externally applied input signal 2, Since 
the amplifier has no means of distinguishing the source of the input signal 
applied to it, it would appear that, if the external source were removed and if 
terminal 2 were connected to terminal 1, the amplifier would continue to 


Base amplifier | 2 = 4%: 
A 


Fig. 14-28 An amplifier with 
transfer gain 4 and feed- 


back network 6 not yet con- 
Mixing or 
nected to form a closed loop. inverting 


(Compare with Fig. 13-8.) network 
X= BX_ f 
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provide the same output signal x, as before. Note, of course, that the state- 
ment zy = x; means that the instantaneous values of 2, and a; are exactly 
equal at all times. Note also that, since in the above discussion no restriction 
was made on the waveform, it need not be sinusoidal. The amplifier need 
not be linear, and the waveshape need not. preserve its form as it is transmitted 
through the amplifier, provided only that the signal x, has the waveform and 
frequency of the input signal z;. The condition z,; = 2; is equivalent to 
—AB = 1, or the loop gain must equal unity. 


The Barkhausen Criterion We assume in this discussion of oscillators 
that the entire circuit operates linearly and that the amplifier or feedback 
network or both contain reactive elements. Under such circumstances, the 
only periodic waveform which will preserve its form is the sinusoid. For a 
sinusoidal waveform the condition 2; = 2 is equivalent to the condition that 
the amplitude, phase, and frequency of x; and 2 be identical. Since the phase 
shift introduced in a signal in being transmitted through a reactive network is 
invariably a function of the frequency, we have the following important 
principle: 

The frequency at which a sinusoidal oscillator will operate ts the frequency 
for which the total shift introduced, as a signal proceeds from the input terminals, 
through the amplifier and feedback network, and back again to the inpul, 1s precisely 
zero (or, of course, an integral mulitple of 24). Stated more simply, the frequency 
of a sinusoidal oscillator 1s determined by the condition that the loop-gain phase 
shift is zero. i 

Although other principles may be formulated which may serve equally to 
determine the frequency, these other principles may always be shown to be 
identical with that stated above. It might be noted parenthetically that it is 
not inconceivable that the above condition might be satisfied for more than a 
single frequency. In such a contingency there is the possibility of simultane- 
ous oscillations at several frequencies or an oscillation at a single one of the 
allowed frequencies. 

The condition given above determines the frequency, provided that the 
circuit will oscillate at all. Another condition which must clearly be met is 
that the magnitude of «; and x; must be identical. This condition is then 
embodied in the following principle: 

Oscillaitons will not be sustained tf, at the oscillator frequency, the magnitude 
of the product of the transfer gain of the amplifier and the magnitude of the feed- 
back factor of ithe feedback network (the magnitude of the loop gain) are less than 
unity. 

The condition of untty loop gain —AB = 1 is called the Barkhausen 
erterton, This condition implies, of course, both that |Af] = 1 and that the 
phase of — AB is zero. The above principles are consistent with the feedback 
formula A, = A/(1+ 6A). For if —@6A = 1, then A;— ©, which may be 
interpreted to mean that there exists an output voltage even in the absence of 
an externally applied signal voltage. 
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Practical Considerations Referring to Fig. 14-8, it appears that if 
|@A| at the oscillator frequency is precisely unity, then, with the feedback 
signal connected to the input terminals, the removal of the external generator 
will make no difference. If |8.A| is less than unity, the removal of the external 
generator will result in a cessation of oscillations. But now suppose that |g A| 
is greater than unity. Then, for example, a 1-V signal appearing initially at 
the input terminals will, after a trip around the loop and back to the input 
terminals, appear there with an amplitude larger than 1 V. This larger voltage 
will then reappear as a still larger voltage, and so on. It seems, then, that 
if |@A| is larger than unity, the amplitude of the oscillations will continue to 
increase without limit. But of course, such an increase in the amplitude can 
continue only as long as it is not limited by the onset of nonlinearity of opera- 
tion in the active devices associated with the amplifier. Such a nonlinearity 
becomes more marked as the amplitude of oscillation increases. This onset 
of nonlinearity to limit the amplitude of oscillation is an essential feature of 
the operation of all practical oscillators, as the following considerations will 
show: The condition |@A| = 1 does not give a range of acceptable values of 
|G@A|, but rather a single and precise value. Now suppose that initially it 
were even possible to satisfy this condition. Then, because circuit components 
and, more importantly, transistors change characteristics (drift) with age, 
temperature, voltage, ete., it is clear that if the entire oscillator is left to itself, 
in a very short time [@A| will become either less or larger than unity. In the 
former case the oscillation simply stops, and in the latter case we are back to 
the point of requiring nonlinearity to limit the amplitude. An oseillator in 
which the loop gain is exactly unity is an abstraction completely unrealizable 
in practice. It is accordingly necessary, in the adjustment of a practical 
oscillator, always to arrange to have |8A| somewhat larger (say 5 percent) 
than unity in order to ensure that, with incidental variations in transistor 
and circuit parameters, |8A| shall not fall below unity. While the first two 
principles stated above must be satisfied on purely theoretical grounds, we may 
add a third general principle dictated by practical considerations, i.e.: 

In every practical oscillator the loop gain is slightly larger than unity, and 
the amplitude of the oscillations is limited by the onset of nonlinearity. 

The treatment of oscillators, taking into account the nonlinearity, is very 
difficult on account of the innate perverseness of nonlinearities generally. | 
In many cases the extension into the range of nonlinear operation is small, and 
we simply neglect these nonlinearities altogether. 


14-16 THE PHASE-SHIFT OSCILLATOR? 


We select the so-called phase-shift oscillator (Fig. 14-29) as a first example 
because it exemplifies very simply the principles set forth above. Here an 
FET amplifier of conventional design is followed by three cascaded arrange- 
ments of a capacitor C and a resistor R, the output of the last RC combination 
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(5) 


Fig. 14-29 (a) An FET phase-shift oscillator; (b) the small-signal 
equivalent circuit. The feedback network is indicated shaded, and 
B= Vi/Vo = —Vi/Vo. 


being returned to the gate. If the loading of the phase-shift network on the 
amplifier can be neglected, the amplifier shifts by 180° the phase of any voltage 
which appears on the gate, and the network of resistors and capacitors shifts 
the phase by an additional amount. At some frequency the phase shift intro- 
duced by the RC network will be precisely 180°, and at this frequency the 
total phase shift from the gate around the circuit and back to the gate will 
be exactly zero. This particular frequency will be the one at which the circuit 
will oscillate, provided that the magnitude of the amplification is sufficiently 
large. 

From the mesh equations of the feedback network of Fig. 14-29) we find 
(Prob. 14-33) that the transfer function of the RC network, which is also the 
(negative of the) feedback factor, is 


a Vi 1 


Say — 5a? — j(6a — ad) 


(14-60) 
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where a = 1/aRC. The phase shift of Vj,'V> is 180° for a2 = 6, or 


J = 1/@rRC +/6) 


At that frequency of oscillation, 8 = +45. In order that |8A| shall not be less 
than unity, it is required that |A| be at least 29. Hence an FET with uw < 29 
cannot be made to oscillate in such a circuit. 

It should be pointed out that it is not always necessary to make use of an 
amplifier with transfer gain |A| > 1 to satisfy the Barkhausen criterion. It is 
only necessary that |8A| > 1. Passive network structures exist for which the 
transfer function [6] is greater than unity at some particular frequency. In 
Prob. 14-41 we show an oscillator circuit consisting of a source follower and 
the RC circuit of Fig. 14-29 appropriately connected. 


Transistor Phase-shift Oscillator If a transistor were used for the active 
element in Fig, 14-29, the output 2 of the feedback network would be shunted 
by the relatively low input resistance of the transistor. Hence, instead of 
employing voltage-series feedback as in Fig. 14-29, we use voltage-shunt 
feedback for a transistor phase-shift oscillator as indicated in Fig. 14-30a. 
For the circuit we assume that A... < 0.1, so that we may use the approximate 
hybrid model to characterize the low-frequency small-signal behavior of the 
transistor, as in Fig. 14-30b. The resistor R; = R — R:, where R; ~ hie is 
the input resistance of the transistor. This choice makes the three RC sections 
of the phase-shifting network alike and simplifies the calculations. We assume 
that the biasing resistors 1, Ro, and R. have no effect on the signal operation 
and neglect these in the following analysis. For a high-frequency oscillator 
the hybrid-I equivalent circuit must be used in Fig. 14-300. 


Cc 


(5) 
Fig. 14-30 (a) Transistor phase-shift oscillator. (b) The equivalent circuit from 


which to calculate the loop gain. 
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We imagine the loop broken at the base between B, and Bz, but in order 
not to change the loading on the feedback network, we place R; from B, to 
ground. If we assume a current J, to enter the base at Bi, then from Eq. 
(14-59) for the loop gain and Fig. 14-30 we have x, ='—Z; and zx; = Jy. The 
loop current gain equals —2x,/z; = I-/J, and is found by writing Kirchhoff’s 
voltage equation for the three meshes (Prob. 14-42). The Barkhausen con- 
dition that the phase of J;,'J, must equal zero leads to the following expression 
for the frequency of oscillation: 

oe 1 I 
~ InRC \/6 4 dk 
where k = R.,R. The requirement that the magnitude of J3/Js must exceed 
unity in order for oscillations to start leads to the inequality 


(14-61) 


hyo > 4h 4 23 4 3 (14-62) 


The value of & which gives the minimum h,, turns out to be 2.7, and for this 
optimum value of #.’R, we find hy, = 44.5. A transistor with a small-signal 
common-emitter short-circuit current gain less than 44.5 cannot be used in 
this phase-shift oscillator. 


Variable-frequency Operation The phase-shift oscillator is particu- 
larly suited to the range of frequencies from several hertz to several hundred 
kilohertz, and so includes the range of audio frequencies. At frequencies in 
the megahertz range, it has no marked advantage over circuits (discussed in 
the following sections) employing tuned LC networks. The frequency of 
oscillation may be varied by changing any of the impedance elements in the 
phase-shifting network. Tor variations of frequency over a large range, the 
three capacitors are usually varied simultaneously. Such a variation keeps the 
input impedance to the phase-shifting network constant (Prob. 14-34) and 
also keeps constant the magnitude of 6 and Ag. Hence the amplitude of 
oscillation will not be affected as the frequency is adjusted. The phase-shift 
oscillator is operated in class A in order to keep distortion to a minimum. 


14-17 RESONANT—CIRCUIT OSCILLATORS 


Figure 14-31a shows the tuned-drain FET oscillator in which a resonant circuit 
is used to determine the frequency. Other oscillators of this type are consid- 
ered in Sec. 14-19. In lig. 14-3la, r represents a resistance in series with the 
winding (of inductance L) in order to account for the losses in the transformer. 
If these losses are negligible, so that r can be neglected, then at the frequency 
w = 1,4/LC, the impedance of the resonant circuit is arbitrarily large and 
purely resistive. In this case the voltage drop across the inductor from drain 
to ground is precisely 180° out of phase with the applied input voltage to the 
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(a) (6) 


Fig. 14-31 A resonant-circuit oscillator using (a) an FET and (b) a 
bipolar transistor. 


FET, independently of the magnitude of the FET drain resistance. If the 
direction of the winding of the secondary of the transformer (connected to the 
gate) is such as to introduce an additional phase shift of 180° (it is assumed 
that the secondary is not loaded), the total loop phase shift is exactly zero. 
At this frequency, then, the phase-shift condition for oscillation will have been 
satisfied. Again, since the transformer is considered to be unloaded, the ratio 
of the amplitude of the secondary to the primary voltage is M,’L, where M 
is the mutual inductance. Since Ay = —w» for an amplifier with an infinite 
load impedance, the condition —@Ay = 1 is equivalent toy = LM. More 
exactly, taking into account the finite magnitude of the resistance 7, we find 


1 r 
2 = => ae | 
a= 26 ( - 7) (14-63) 
as the frequency-determining condition and 
— ere : 
Gm = IM = 1 (14-64) 


as the condition which is equivalent to —8A = 1. 

Note that there is no a priori connection between the oscillation frequency 
and the steady-state ‘‘resonance”’ frequency. The frequency of oscillation is 
determined solely by the consideration that the loop phase shift is zero. In 
this sense, the suggestive near agreement of the frequency of the oscillator 
and the frequency of a natural oscillation or steady-state resonance is to be 
considered, superficially at least, as a pure coincidence. In the light of these 
last remarks it appears, too, that the designation of the oscillator of See. 14-16 
as a “phase-shift oscillator,” as opposed to the present designation, ‘‘resonant- 
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circuit oscillator,” is entirely artificial. All oscillators, those discussed above 


as well as those to be considered below, could be called phase-shift oscillators. 


Self-bias and Amplitude Stabilization The bias for a resonant-circuit 
oscillator is obtained from an #,C, parallel combination in series with the 
gate, as in Fig. 14-3la. The gate and source of the FET act as a rectifier, 
and if the &,C, time constant is large compared with one period, the gate 
capacitor will charge up essentially to the peak gate swing. This voltage 
across C, acts as the bias, and the gate is therefore driven positive (by the cut 
in voltage of the junction) only for a short interval at the peak of the swing. 
The voltage at the gate is a large sinusoid, and since its peak value is approxi- 
mately at ground potential, we say that the gate is “clamped” to ground 
(Sec. 4-11). The operation is class C. 

When the circuit is first energized, the gate bias is zero and the FET 
operates with a large gm. The loop gain is therefore greater than unity, and 
the amplitude of oscillation starts to grow. As it does so, gate current is 
drawn, clamping takes place, and the bias automatically adjusts itself so that 
its magnitude equals the peak of the gate voltage. As the bias becomes more 
negative, the value of gm decreases, and finally the amplitude stabilizes itself 
at that value for which the loop gain for the fundamental frequency is reduced 
to unity. Since the operation is class C, the use of the linear equivalent circuit 
is at best a rough approximation. In view of the foregoing discussion, the 
value of g,, in Eq. (14-64) may be considered to be the minimum value required 
at zero bias in order for oscillations to start. It may also be interpreted 
as the average value of transconductance which determines the amplitude of 
oscillation, 


A Transistor Tuned-collector Oscillator The transistor circuit of Fig. 
14-316 is analogous to the FET oscillator of Fig. 14-3la. The quiescent bias 
is determined by R,, Ra, and R, (Sec. 9-8). With R, in place, the transistor is 
biased in its active region, oscillations build up, and the self-bias is obtained 
from the R,C” combination due to the flow of base current. As explained 
above, this action results in class C operation. 


14-18 A GENERAL FORM OF OSCILLATOR CIRCUIT 


Many oscillator circuits fall into the general form shown in Fig. 14-324. The 
active device may be a bipolar transistor, an operational amplifier (discussed 
in Chap. 15), or an FET. In the analysis that follows we assume an active 
device with infinite input resistance such as an FET, or an operational ampli- 
fier. Figure 14-325 shows the linear equivalent circuit of Fig. 14-32a, using 
an amplifier with negative gain — A, and output resistance R,. Clearly the 
topology of Fig. 14-32 is that of voltage-series feedback. 
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(a) 


Fig. 14-32 (a) The basic configuration for many resonant-circuit oscillators. 
(b) The linear equivalent circuit using an operational amplifier. 


The Loop Gain The value of —A8 will be obtained by considering the 
circuit of Fig. 14-82@ to be a feedback amplifier with output taken from 
terminals 2 and 3 and with input terminals 1 and 3. The load impedance 
Zz, consists of Z, in parallel with the series combination of Z, and Z;. The 
gain without feedback is A = —A,Z,/(Zi, + R,). The feedback factor is 
6 = —Z,/(Z, + Z;). The loop gain is found to be 


—A,Z 12 


~ RAZ + Zo + Zs) + 224i + Zs) (14-65) 


AB 


Reactive Elements Z,, Z2, and Z; If the impedances are pure reactances 
(either inductive or capacitive), then Z; = jX1, Z. = 7X2, and Z; = jX;. For 


an inductor, X = wh, and for a capacitor, X = —1l;wC. Then 
AB = Ser pak ae (Xi + Xs) 488) 
For the loop gain to be real (zero phase shift), 
Xi+X,+X,=0 (14-67) 
and F 
=Ap = A, XX. _ AR (14-68) 


—X(Xi4t Xs) Xt Xs 


From Eq. (14-67) we see that the circuit will oscillate at the resonant frequency 
of the series combination of X1, Xe, and X3. 
Using Eq. (14-67) in Eq. (14-68) yields 
+4,X1 
Xe 


Since — AG must be positive and at least unity in magnitude, then X; and X, 
must have the same sign (A, is positive). In other words, they must be the 


—AgB = (14-69) 
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(a) (d) 


Fig. 14-33 (a) A transistor Colpitts oscillator. (b) A transistor 
Hartley oscillator. 


same kind of reactance, either both inductive or both capacitive. Then, from 
lig. (14-67), X3 = —(X1 + Xe) must be inductive if X, and X, are capacitive, 
or vice versa. 

If X, and X, are capacitors and X, is an inductor, the circuit is called a 
Colpitis oscillator. If X, and X, are inductors and X; is a capacitor, the circuit 
is called a Hartley oscillator. In this latter case, there may be mutual coupling 
between X; and X, (and the above equations will then not apply). 

Transistor versions of the above types of LC oscillators are possible. As 
an example, a transistor Colpitts oscillator is indicated in Fig. 14-33¢. Quali- 
tatively, this circuit operates in the manner described above. However, the 
detailed analysis of a transistor oscillator circuit is more difficult, for two funda- 
mental reasons. Tirst, the low input impedance of the transistor shunts Z; 
in Fig. 14-32a, and hence complicates the expressions for the loop gain given 
above. Second, if the oscillation frequency is beyond the audio range, the 
simple low-frequency h-parameter model is no longer valid. Under these 
circumstances the more complicated high-frequency hybrid-I1 model of Fig. 
11-5 must be used. A transistor Hartley oscillator is shown in lig. 14-33). 


J4-19 THE WIEN BRIDGE OSCILLATOR 


An oscillator cireuit in which a balanced bridge is used as the feedback network 
is the Wien bridge” oscillator shown in Fig. 14-34. The active element is an 
operational amplifier (Chap. 15) which has a very large positive voltage gain 
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(V. = AvV.), negligible output resistance, and very high (infinite) input 
resistance. We assume further that Ay is constant over the range of frequen- 
cies of operation of this circuit. 

To find the loop gain —@A, we break the loop at the point marked P and 
apply an external voltage V; across terminals 3 and 4. 

Since V. = AvVi, the loop gain is given by 


; Vo i 
Loop gain = vi = pay = —BA (14-70) 
Two auxiliary voltages Vi and V2 are indicated in Fig. 14-34 such that 
V;,= V.,—V,. From Eg. (14-70) A = Av and 


~Vvi ve- Vi __ 
ae Vi Ged. Ri Rs ae 


It is not difficult to show that Z, and Z, have the same phase angle at the 
frequency 


: 1 
fo oma onRCO (14-72) 


and that at this frequency Z, = (1 — j7)R and Z, = (1 —j7)R/2. Hence 
V2 = 4V., at w = w. Ifa null is desired, then R, and R; must be chosen so 
that V; = 0. From Eq. (14-71) R2/(Ri + Ra) = 4, or Ri = 2K. 

In the present case, where the bridge is used as the feedback network for an 
oscillator, the loop gain of Eq. (14-70) must equal unity and must have zero 
phase. Thus, since Ay is a positive number, the phase of —é from Eq. (14-71) 
must be zero, but the magnitude must not be zero. This is accomplished by 
taking the ratio R2/(R: + Bz) smaller than 4. 


Fig. 14-34 Wien bridge oscillator 
using an operational amplifier as 
the active element. 
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If we let 
Vy Ro ea eee | 
Vi Ri +R. 8 6 


where 6 is a number greater than 3, then 
SES pig als 5 (14-738) 


At w = w, V2/V, = dand@ = —1/é6. The condition —8A = 1 is now satis- 
fied by making 


é6= Ay (14-74) 


Note that the frequency of oscillation is precisely the null frequency of the 
balanced bridge, given by Eq. (14-72). At any other frequency V2 is not in 
phase with Vj, and therefore V; = V2 — Vis notin phase with V3, so that the 
condition —8A = 1 is satisfied only at the one frequency f,. 

Continuous variation of frequency is accomplished by varying simultane- 
ously the two capacitors (ganged variable air capacitors). Changes in fre- 
quency range are accomplished by switching in different values for the two 
identical resistors R. 


Amplitude Stabilization We consider modification of the circuit of 
Vig. 14-34, which serves to stabilize the amplitude against Variations due to 
fluctuations occasioned by the aging of transistors, components, etc. The 
modification consists simply in replacing the resistor R» by a sensistor (Sec. 
2-7) which has a positive thermal coefficient. 

The amplitude of oscillation is determined by the extent to which the loop 
gain —@A is greater than unity. If —f is fixed, the amplitude is then deter- 
mined by A, increasing as A increases, until further increase is limited by the 
amplifier nonlinearity. The regulation mechanism introduced by the sensistor 
operates by automatically changing @ in such a direction as to keep 6A more 
nearly constant if, as when the loading of the amplifier changes, the values of A 
should change. It will be recalled that the resistance of a sensistor increases 
with temperature, and the temperature is in turn determined by the root- 
mean-square value of the current which passes through it. If the root-mean- 
square value of the current changes, then, because of the thermal lag of the 
sensistor, the temperature will be determined by the average value over a 
large number of cycles of the root-mean-square value of the current. 

Consider now thatsthe amplitude has decreased because A has decreased. 
The value of R, will decrease, and as a consequence —$ = 1/6 will increase, 
as indicated by Eq. (14-71). Or to put the matter another way, as A changes, 
the extent to which the Wien bridge is unbalanced will adjust itself in such a 
manner as to keep 8A more nearly constant. An important fact to keep in 
mind about the mechanism just described is that, because of the thermal lag 
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of the sensistor, the resistance of the sensistor during the course of a single 
eycle is very nearly absolutely constant. Therefore, at any fixed amplitude 
of oscillation, the sensistor behaves entirely like an ordinary linear resistor. 

A thermistor which has a negative temperature coefficient can also be 
used, in place of R; rather than Re. 


14-20 CRYSTAL OSCILLATORS 


If a piezoelectric crystal, usually quartz, has electrodes plated on opposite faces 
and if a potential is applied between these electrodes, forces will be exerted on 
the bound charges within the erystal. If this device is properly mounted, 
deformations take place within the crystal, and an electromechanical system 
is formed which will vibrate when properly excited. The resonant frequency 
and the Q depend upon the crystal dimensions, how the surfaces are oriented 
with respect to its axes, and how the device is mounted.!!_ Frequencies rang- 
ing from a few kilohertz to a few megahertz, and Q’s in the range from several 
thousand to several hundred thousand, are commercially available. These 
extraordinarily high values of Q and the fact that the characteristics of quartz 
are extremely stable with respect to time and temperature account for the 
exceptional frequency stability of oscillators incorporating crystals (Sec. 14-21). 

The electrical equivalent circuit of a crystal is indicated in Fig. 14-35. 
The inductor LZ, capacitor C, and resistor R are the analogs of the mass, the 
compliance (the reciprocal of the spring constant), and the viscous-damping 
factor of the mechanical system. Typical values for a 90-kHz erystal are 
L = 137H, C = 0.0235 pF, and R = 15 K, corresponding to Q = 5,500. The 
dimensions of such a crystal are 30 by 4 by 1.5 mm. Since C’ represents the 
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Fig. 14-35 A piezoelectric crystal. (a) Symbol; (b) electrical 
model; (c) the reactance function (if R = 0). 
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Fig. 14-36 A 1-MHz FET crystal oscillator. 
(Courtesy of Siliconix Co.) 


electrostatic capacitance between electrodes with the crystal as a dielectric, 
its magnitude (~3.5 pF) is very much larger than C. 

If we neglect the resistance 2, the impedance of the crystal is a reactance 
jX whose dependence upon frequency is given by 


$K = = aby (14-75) 


where w,? = 1/LC is the series resonant frequency (the zero impedance fre- 
quency), and w,? = (1/L)(1/C + 1/C’) is the parallel resonant frequency (the 
infinite impedance frequency). Since C’ > C, then wy = ws. Tor the crystal 
whose parameters are specified above, the parallel frequency is only three- 
tenths of 1 percent higher than the series frequency. For w, < w < wp, the 
reactance is inductive, and outside this range it is capacitive, as indicated in 
Fig. 14-35. 

A variety of erystal-oscillator circuits is possible. If in the basic con- 
figuration of Fig. 14-32a a crystal is used for Zi, a tuned LC combination for 
Zo, and the capacitance Cz, between drain and gate for Z3, the resulting circuit 
is as indicated in Fig. 14-36. From the theory given in the preceding section, 
the crystal reactance, as well as that of the LC network, must be inductive. 
For the loop gain to be greater than unity, we see from Eq. (14-69) that X) 
cannot be too small. Hence the circuit will oscillate at a frequency which lies 
between w, and wy but close to the parallel-resonance value. Since wy, ~ ws, 
the oscillator frequency is essentially determined by the crystal, and not by the 
rest of the circuit. 


14-21 FREQUENCY STABILITY 


An oscillator having initially been set at a particular frequency will invariably 
not maintain its initial frequency, but will instead drift and wander about in 
frequency, sometimes uniformly in one direction, sometimes quite erratically. 
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The frequency stability of an oscillator is a measure of its ability to maintain 
as nearly a fixed frequency as possible over as long a time interval as possible. 
These deviations of frequency arise because the values of the circuit features, 
on which the oscillator frequency depends, do not remain constant in time. 
(We use here the term “‘circuit features” to include circuit components, tran- 
sistor parameters, supply voltages, stray capacitances, etc.) Accordingly, an 
obvious but clearly useless solution of the problem of making a frequency- 
stable oscillator is to keep constant all the circuit features. In the first place, 
the number of circuit features is very large, in general; second, some of the 
circuit features, such as transistor parameters, are inherently unstable and 
extremely difficult to keep constant; and third, it is hard enough to know 
where stray circuit elements and couplings are located and how to estimate 
their magnitudes without having to devise schemes to maintain them constant. 

But we recognize also that in every oscillator circuit there are a relatively 
few circuit features on which the frequency is sensitively dependent, whereas 
the frequency dependence of the far larger number of remaining features is 
comparatively slight. For example, in the circuit of Fig. 14-29, the frequency 
is for the most part determined by R and C, and the other features of the 
circuit affect the frequency to a much smaller extent. We shall then have 
taken a long step in the direction toward frequency stability if we take pains 
to ensure the stability, at least, of these relatively few passive elements which 
influence the frequency markedly. The principal cause of drift in these is the 
variation of temperature. MLleasures for maintaining the temperature con- 
stant and for balancing the temperature-induced variation in one such ele- 
ment against that in another can be taken.!? 


Stability Criterion If in an oscillator ihere exists one set of elements which 
has the property that at the oscillation frequency these componenis introduce a 
large variation of phase @ with frequency, then d@/dw serves as a measure of the 
independence of the frequency of all other features of the circuit. The frequency 
stability improves as d0/dw increases. In the limit, as d6,'dw becomes injinite, 
the oscillator frequency depends only on this set of elements and becomes com- 
pletely independent of all other features of the circutt. 

The proof of the foregoing principle is almost self-evident, and is readily 
arrived at from the following considerations: Suppose that a variation takes 
place in some one feature of the oscillator other than one of the componenis 
of the set of elements described above. Then, if initially the phase condition for 
oscillation was satisfied at the frequency of oscillation, it will, in general, no 
longer be satisfied after the alteration of the circuit feature. The frequency 
must accordingly shift in order once again to restore the loop phase shift to 
the exact value zero. If, however, there is a set of elements which, at the 
nominal oscillator frequency, produces a large phase shift for a small frequency 
change (that is, d0/dw large), it is clear that the frequency shift required to 
restore the circuital phase shift to zero need be only very small. 

In a parallebresonant circuit the impedance changes from an inductive 
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to a capacitive reactance as the frequency is increased through the resonant 
point. If the @ is infinite (an ideal inductor with zero series resistance), this 
change in phase is abrupt, d@/dw — «, because the phase changes abruptly 
from —90 to +90°. Hence a tuned-cireuit oscillator will have excellent fre- 
quency stability provided that Q is sufficiently high and that Z and C are 
stable (independent of temperature, current, ete.). 

These ideas about tuned-circuit oseillators can be carried over to account 
for the exceptional frequency stability of crystal oscillators. From Fig. 14-35c 
we see that, for a erystal with infinite Q, the phase changes discontinuously 
from —90 to +90° as the frequency passes through w, and then. abruptly 
back again from +90 to —90° as w passes through w,. Of course, infinite Q 
is unattainable, but sinee commercially available erystals have values of Q 
of tens or hundreds of thousands, very large values of d0/dw are realizable. 
Hence, if a erystal is incorporated into a circuit (such as that of Fig. 14-36), 
an oscillator is obtained whose frequency depends essentially upon the crystal 
itself and nothing else. The crystal frequency does, however, still depend 
somewhat on the temperature, and regulated-temperature ovens must be 
employed where the highest stability is required. 

To compare the frequency stabilit:’ of two different types of oscillators, 
d@,‘dw is evaluated for each at the operating frequency. The circuit giving 
the larger value of d6/dw has the more stable oscillator frequency. 
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REVIEW QUESTIONS 


14-1 Consider a feedback amplifier with a single-pole transfer function. (a) 
What is the relationship between the high 3-db frequency with and without feedback? 
(b) Repeat part @ for the low 3-dB frequency. (c) Repeat part a for the gain-band- 
width product. 

14-2 Consider a feedback amplifier with a double-pole transfer function. (a) 
Without proof sketch the locus of the poles in the s plane after feedback. (b) Why is 
this amplifier stable, independent of the amount of negative feedback? 

14-3 (a) Indicate (without proof) a circuit having the same transfer function as 
the double-pole feedback amplifier. (6) Sketch the step response of this amplifier 
for both the underdamped and overdamped condition. 

14-4 For an underdamped two-pole amplifier response define (a) rise time, 
(6) delay time, (c) overshoot, (d) damped period, (e) settling time. 

14-5 (a) Sketch (without proof) the root locus of the poles of a three-pole 
amplifier after feedback is added. (6) Indicate where the amplifier becomes unstable. 

14-6 Consider a multipole amplifier with |s:| < |s2| < |ss| - + < |s,|. Under 
what circumstances is the response with feedback determined by (a) s: and s2 and 
(b) s: alone? 

14-7 Explain in words (without equations) how to obtain the frequency response 
of a voltage-shunt feedback amplifier using feedback concepts. Consider a single stage 
with a resistor R’ between collector and base. 

14-8 Repeat Rev. 14-7 for a current-series feedback amplifier. Consider a CE 
stage with an emitter resistor R,. 

14-9 (a) Define positive feedback. (5) What is the relationship between A, and 
A for positive feedback? (c) Illustrate positive feedback in the complex BA plane. 

14-10 State the condition on 1 + A@ which a feedback amplifier must satisfy in 
order to be stable. 

14-11 State the Nyquist ertterion for stability, 

14-12 Consider an amplifier with an open-loop dominant pole and with 6 inde- 
pendent of frequency. Prove that the Nyquist plot is a circle, 

14-13 State the stability condition in terms of Bode plots. 

14-14 Consider an amplifier consisting of three identical noninteracting stages. 
Explain why a definite maximum value of |@| exists before oscillations take place. 

14-15 Define with the aid of graphs (a) gain margin and (b) phase margin. 

14-16 (a) Describe dominant-pole compensation. (b) Show one circuit for 
accomplishing such compensation. (¢) What is a disadvantage of this technique? 

14-17 (a) Describe pole-zere compensation. (b) Show one circuit for accomplish- 
ing such compensation. 
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14-18 (a) Describe lead compensation. (b) Show one circuit for accomplishing 
such compensation. 

14-19 Give the two Barkhausen conditions required in order for sinusoidal 
oscillations to be sustained. 

14-20 Sketch the circuit of a phase-shift oscillator using (@) an FET and (8) a 
bipolar junction transistor. 

14-21 Sketch the circuit of a tuned-collector oscillator. 

14-22 (a) Sketch the topology for a generalized resonant-circuit oscillator, using 
impedances Z;, Z2, Zs. (b) At what frequency will the circuit oscillate? (c) Under 
what conditions does the configuration reduce to a Colpitts oscillator? A Hartley 
oscillator? 

14-23 (a) Sketch the circuit of a Wien bridge oscillator. (8) What determines 
the frequency of oscillation? (c) Will oscillations take place if the bridge is balanced? 
Explain. 

14-24 (a) Draw the electrical model of a piezoelectric crystal. (b) Sketch tie 
reactance vs. frequency function. (c) Over what portion of the reactance curve do we 
desire oscillations.to take place when the crystal is used as part of a sinusoidal oscillator? 
Explain. 

14-25 Sketch a circuit of a erystal-controlled oscillator. 

14-26 State the frequency-stability criterion for a sinusoidal oscillator. 


OPERATIONAL AMPLIFIERS 


The operational amplifier’? (abbreviated op amp) is a direct-coupled 
high-gain amplifier to which feedback is added to control its overall 
response characteristic. It is used to perform a wide variety of linear 
functions (and also some nonlinear operations) and is often referred to 
as the basic linear (or more accurately, analog) integrated circuit. Its 
many applications are detailed in the following chapter. 

The integrated operational amplifier has gained wide acceptance 
as a versatile, predictable, and economic system building block. It 
offers all the advantages of monolithic integrated circuits: small size, 
high reliability, reduced cost, temperature tracking, and low offset 
voltage and current (which terms are defined carefully, later in this 
chapter). 

A detailed analysis of the several stages in an op AMP is made. 
Experimental methods for measuring oP AMP parameters are given. 
The frequency response and methods of compensation are discussed. 


15-1 THE BASIC OPERATIONAL AMPLIFIER 


The schematic diagram of the op amp is shown in J'ig. 15-la, and the 
equivalent circuit in Fig. 15-16. A large number of operational ampli- 
fiers have a differential input, with voltages V; and V2 applied to the 
inverting and noninverting terminals, respectively. A single-ended 
amplifier may be considered as a special case where one of the input 
terminals is grounded. Nearly all op amps have only one output 
terminal. 


Ideal Operational Amplifier The ideal op amp has the following 
characteristics: 
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. Input resistance R; = «© 

. Output resistance R, = 0 

. Voltage gain A, = —o 

. Bandwidth = o 

. Perfect balance: V, = O when V, = V; 

. Characteristics do not drift with temperature. 


Anh wwe 


In Fig. 15-24 we show the ideal operational amplifier with feedback impedances 
(Z and 2’) and the + terminal grounded. This is the basic inverting circuit. 
This topology represents voltage-shunt feedback, and is discussed in Sec. 13-12. 
The circuit of Fig. 15-2a is a generalization of Fig. 13-200, with the single- 
transistor replaced by the multistage op amp and the resistors R, and R’ 
replaced by impedances Z and Z’, respectively. From Eq. (13-79) the voltage 
gain Ay, with feedback is given by 


7 
Avy = — Z (15-1) 


An instructive alternative proof of this equation is obtained as follows: 
Since #;—> ©, the current J through Z also passes through Z’, as indicated in 
Fig. 15-2a. In addition, we note that V; = V,/Ay > 0 as |Ay|— ©, so that 
the input is effectively shorted. Hence 
Aye a 2 2 oe 

wy Me ae 
in agreement with Eq. (15-1). 

The operation of the circuit may now be described in the following terms: 

At the input to the amplifier proper there exists a virtual ground, or short circuit. 


Inverting input 
2 


Noninverting input 


Fig. 15-1 (a) Basic opera- 
tional amplifier. (b) Low- 

im frequency equivalent circuit 

of operational amplifier 

(Vi = V2~- Vj). The open- 
circuit voltage gainis A, and 
the gain under load is Ay. 


Sec. 15-1 OPERATIONAL AMPLIFIERS / 503 


I 


—<$—$> 
pleas 
T i terminal 


Noninverting terminal 


(a) (b) 


Fig. 15-2 (a) Inverting operational amplifier with added voltage-shunt 
feedback. (6) Virtual ground in the operational amplifier. 


The term “virtual” is used to imply that, although the feedback from output 
to input through 2’ serves to keep the voltage V; at zero, no current actually 
flows into this short. The situation is depicted in-l’ig. 15-2b, where the virtual 
ground is represented by the heavy double-headed arrow. This figure does 
not represent a physical circuit, but it isa convenient mnemonic aid from which 
to calculate the output voltage for a given input signal. This symbolism is 
very useful in connection with analog computations discussed in Sec. 16-1. 


Practical Inverting Operational Amplifier Equation (15-1) is valid only 
if the voltage gain is infinite. It is sometimes important to consider a physical 
amplifier which does not satisfy these restrictions. In ]*ig. 15-8 the amplifier 
in lig. 15-2a is replaced by its small-signal model, with |Ay| # «, R; ¥ &, 
and R, #0. The symbol A, is the open-~ezreuit (unloaded) voltage gain. The 
impedances shown shaded indicate the effect of Z’ on the input and output 
of the amplifier, where use is made of the \iller theorem (Sec. 8-11). Using 
these \liller impedances in place of Z’ in Vig. 15-3, the following expression 
for the closed-loop gain is obtained (Prob. 15-1). 

-Y 
Y’ — (l/Av)(¥'+ ¥ + Ys) 
where the Y’s are the admittances corresponding to the Z’s (for example, 
Y’ = 1,2’) and where the voltage gain Ay = V./Vi, taking the loading of Z’ 
into account, is given by 
A,+&.Y’ 
1+ 8.’ 
Note that if R, = Oor ¥Y’ = 0(Z’ = &), the loading is effectively removed and 
Ay = A,. Also observe that as |A,|— ©, then |Ay|— © and 
¥ 


in agreement with Eq. (15-1). 


Avy (15-2) 


Ay= (15-3) 
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| Noninverting terminal 


Fig. 15-3 Circuit model of the op ame of Fig. 15-1. (The 
shaded impedances are the Miller replacements for Z’.) 


Noninverting Operational Amplifier Very often there is a need for an 
amplifier whose output is equal to, and in phase with, the input, and in addition 
R;= © and FR, = 0, so that the source and load are in effect isolated. An 
emitter follower approximates these specifications. More ideal characteristics 
can be obtained by using an operational amplifier having a noninverting 
terminal for signals and an inverting terminal for the feedback voltage, as 
shown in Fig. 15-4. 


If we assume again that R; = » and —Ay = ©, we have 


Vi Vo 


JR 
~R+R’ 
Since V, = Av(Vi — V,), then for a finite V, it follows that V, = V, (there is 
a virtual short at the input terminals) and 


Ve. Ve RAR 
Avy; = ae amar (15-4) 


Hence the closed-loop gain is always greater than unity. If R = and/or 
R’ = 0, then Av; = +1 and the amplifier acts as a voltage follower. 

In the analysis of noninverting op amp circuits we shall use the facts that 
(1) no current flows into either input and (2) the potentials of the two anpuls are 
equal. 


Fig. 15-4 Noninverting operational 
amplifier with resistive feedback. 
If # >> R’, the output follows the 
input; Vo = Vs. 
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15-2 THE DIFFERENTIAL AMPLIFIER 


The function of a differential amplifier’ (abbreviated pirF AMP) is, in general, 
to amplify the difference between two signals, The need for DIFF AMPs arises 
in many physical measurements where response from dc to many megahertz 
is required. It is also the basic stage of an integrated operational amplifier 
with differential input. 

Figure 15-5 represents a linear active device with two input signals 21, ve 
and one output signal v,, each measured with respect to ground. In an ideal 
pIFF AMP the output signal v, should be given by 


v% = Aa(vi — 22) (15-5) 


where A, is the gain of the differential amplifier. Thus it is seen that any 
signal which is common to both inputs will have no effect on the output voltage. 
However, a practical pirr amp cannot be described by Eq. (15-5), because, in 
general, the output depends not only upon the difference signal vg of the two 
signals, but also upon the average level, called the common-mode signal v., 


where 
Vq = V1 — V2 and V. = $(¥1 + 22) (15-6) 


Yor example, if one signal is +50 xV and the second is —50 »V, the output will 
not be exactly the same as if 2) = 1,050 pV and x, = 950 nV, even though the 
difference vg = 100 xV is the same in the two cases. 


The Common-mode Rejection Ratio The foregoing statements are now 
clarified, and a figure of merit for a difference amplifier is introduced. The 
output of Fig. 15-5 can be expressed as a linear combination of the two input 
voltages 


Vo = Ati + Arde (15-7) 
where A,(A2) is the voltage amplification from input 1(2) to the output under 
the condition that input 2(1) is grounded. From Eqs. (15-6) 

v, = Ue + dy and Yq = Ue — HVa (15-8) 
If these equations are substituted in Eq. (15-7), we obtain 

Vo = Aga + Ade (15-9) 


where 
Aa = 4#(A1 — Aa) and A,= Ait As (15-10) 


Fig. 15-5 The output is a linear function of 
v, and v, for anideal differential amplifier; 
v= Aa: — V2). 
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The voltage gain for the difference signal is Az, and that for the common-mode 
signal is A,. We can measure Ag directly by setting », = —v, = 0.5 V, so 
that 2 = 1 V and», = 0. Under these conditions the measured output volt- 
age v, gives the gain Az for the difference signal [Eq. (15-9)]. Similarly, if we 
set v) = a = 1V, thenvg = 0,v, = 1V,andv,= A,. The output voltage now 
is a direct measurement of the common-mode gain A,. 

Clearly, we should like to have Ag large, whereas ideally, A, should equai 
zero. A quantity called the common-mode rejection ratio, which serves as a 
figure of merit for a pirF Amp, is defined by 


CMRR = p = | ae (15-11) 


From Eqs. (15-9) and (15-11) we obtain an expression for the output in the 
following form: 


ve = Aava (1 ae *) (15-12) 


From this equation we see that the amplifier should be designed so that p is 
large compared with the ratio of the common-mode signal to the difference 
signal. For example, if p = 1,000, », = 1ImV, and vz = 1 »V, the second term 
in Eq. (15-12) is equal to the first term. Hence, for an amplifier with a 
common-mode rejection ratio of 1,000, a 1-«V difference of potential between 
the two inputs gives the same output as a 1-mV signal applied with the same 
polarity to both inputs. 


oe eeeeseSFSsSsSses 
EXAMPLE (a) Consider the situation referred to above, where the first set of 
signals is v; = +50 uV and v; = —S0 nV and the second set is 2, = 1,050 pV and 
v2 = 950 uV. If the common-mode rejection ratio is 100, calculate the percentage 
difference in output voltage obtained for the two sets of input signals. (6) Repeat 
part a if p = 10,000. 


Solution a. In the first case, v2 = 100 HV and v = 0, so that, from Eq. (15-12), 
Vo = 100Ag BY. 

In the second case, vg = 100 »V, the same value as in part a, but now », = 
#(1,050 + 950) = 1,000 nV, so that, from Eq. (15-12), 


v= 100A4 1 + a) = 100A, 1 + a BV 
p 100 


These two measurements differ by 10 percent. 
b. For p = 10,000, the second set of signals results in an output 
v = 100A.(1 + 10 X 10-4) BV 


whereas the first set of signals gives an output » = 100Aa “V. ‘Hence the 
two measurements now differ by only 0.1 percent. 


—_————— eee 
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15-3 THE EMITTER-COUPLED DIFFERENTIAL AMPLIFIER 


The circuit of Fig. 15-6 is an excellent pirr amp if the emitter resistance R, is 
large. This statement can be justified as follows: If Vsi = Vee = V,, then 
from Eqs. (15-6) and (15-9) we have Va = Visi — Vag = O and V, = A.V. 
However, if R, = ©, then, because of the symmetry of Fig. 15-6, we obtain 
Tea = Ie = 0. Since fue << Ice, then [cg ~ Ig, and it follows that V, = 0. 
Hence the common-mode gain A, becomes zero, and the common-mode rejec- 
tion ratio is infinite for R, = © and a symmetrical circuit. 

We now analyze the emitter-coupled circuit for a finite value of R,. <A, 
can be evaluated by setting Vii = Vs2 = V, and making use of the symmetry 
of Fig. 15-6. This circuit can be bisected asin Fig. 15-7a. An analysis of this 
circuit (Prob. 15-10), using Eqs. (8-67) to (8-69) and neglecting the term in h,, 
in Eq. (8-68), yields 


Vv, (2Reeke i Rye) Re 


Ay= a" ORE a + Ge Oa ED) 


(15-18) 


provided that hoe «K1. Similarly, the difference mode gain Ag can be 
obtained by setting Var = —Vs2 = V./2. From the symmetry of Fig. 15-6. 
we see that, if Vir = — Va2, then the emitter of each transistor is grounded for 
small-signal operation. Under these conditions the circuit of Fig. 15-7b can 
be used to obtain Ag. Hence 


Ay al Een ae (15-14) 


provided h,.2, K 1. The common-mode rejection ratio can now be obtained 
using Eqs. (15-11), (15-13), and (15-14). 

From Eq, (15-13) it is seen that the common-mode rejection ratio increases 
with R,., as predicted above. There are, however, practical limitations on the 
magnitude of R, because of the quiescent de voltage drop across it; the emitter 


Fig. 15-6 Symmetrical emitter- 
coupled difference amplifier. 
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Fig. 15-7 Equivalent circuit 
for a symmetrical differential 
amplifier used to determine 
(a) the common-mode gain 
A- and (b) the difference 
gain Ag. 


(6) 


supply Vzz must become larger as FR, is increased, in order to maintain the 
quiescent current at its proper value. If the operating currents of the transis- 
tors are allowed to decrease, this will lead to higher h;. values and lower values 


of Ay. Both of these effects will tend to decrease the common-mode rejec- 
tion ratio. 


Differential Amplifier Supplied with a Constant Current Frequently, in 
practice, 2, is replaced by a transistor circuit, as in Fig. 15-8, in which Ry, R2, 
and fs can be adjusted to give the same quiescent conditions for Q1 and Q2 
as the original circuit of Fig. 15-6. This modified circuit of Fig. 15-8 presents 
a very high effective emitter resistance R, for the two transistors Q1 and Q2. 
Since &, is also the effective resistance looking into the collector of transistor 
Q3, it is given by Eq. (8-70). In See. 8-15 it is verified that R, is hundreds of 
kilohms even if 2; is as small as 1 K. 

We now verify that transistor Q3 acts as an approximately constant cur- 


0+Vec 


Fig. 15-8 Differential am- 
plifler with constant-current 
stage in the emitter circuit. 
Nominally, Ra: = Reo. 
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rent source, subject to the condition that the base current of Q3 is negligible. 
Applying KVL to the base circuit of Q@3, we have 


IsR3 + Vozs = Vo + (Vez — Vo) Bah (15-15) 


where Vp is the diode voltage. Hence 


= = 1 VerR. Voki 
Soe es R3 Ge + Ro Ri + Re Vows) (15-46) 


If the circuit parameters are chosen so that 
= Vues (15-17) 


Verk. 


To = BR, + Ry) 


(15-18) 

Since this current is independent of the signal voltages V1 and V2, then 
Q3 acts to supply the pirr amp consisting of Q1 and Q2 with the constant 
current Jo. 

The above result for Jo has been rendered independent of temperature 
because of the added diode D. Without D the current would vary with tem- 
perature because Vgzs decreases approximately 2.5 mV,°C (See. 5-8). The 
diode has this same temperature dependence, and hence the two variations 
cancel each other and Jg does not vary appreciably with temperature. Since 
the cutin voltage Vp of a diode has approximately the same value as the base- 
to-emitter voltage Vpas of a transistor, then Eq. (15-17) cannot be satisfied 
with a single diode. Hence two diodes in series are used for Wp (Fig. 15-11). 

Consider that Q1 and Q2 are identical and that Q3 is a true constant- 
current source. Under these circumstances we can demonstrate that the 
common-mode gain is zero. Assume that Ver = Vso = Vs, so that from the 
symmetry of the circuit, the collector current J, (the increase over the quies- 
cent value for V, = 0) in Q1 equals the current J.2in Q2. However, since the 
total current increase I, + I. = O if Ig = constant, then Je. = J.2 = 0 and 
Ae a Von/'Vs = —TaRe; Vs = 0. 


Practical Considerations! In some applications the choice of Vs and 
V2 as the input voltages is not realistic because the resistances Rg, and Res 
represent the output impedances of the voltage generators Vs; and V,2. In 
such a case we use as input voltages the base-to-ground voltages Vs: and Voz 
of Q1 and Q2, respectively. For the analysis of nonsymmetrical differential 
circuits the reader is referred to Ref. 4. 

The differential amplifier is often used in de applications. It is difficult 
to design de amplifiers using transistors because of drift due to variations of 
hre, Van, and Igso with temperature. A shift in any of these quantities 
changes the output voltage and cannot be distinguished from a change in 
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input-signal voltage. Using the techniques of integrated circuits (Chap. 7), 
it is possible to construct a DIFF AMP with Q1 and Q2 having almost identical 
characteristics. Under these conditions any parameter changes due to tem- 
perature will cancel and the output will not vary. 

Differential amplifiers may be cascaded to obtain’ larger amplifications 
for the difference signal. Outputs Vo. and V._ are taken from each collector 
(Fig. 15-8) and are coupled directly to the two bases, respectively, of the next 
stage (Fig. 15-11). 

Finally, the differential amplifier may be used as an emitter-coupled phase 
inverter. For this application the signal is applied to one base, whereas the 
second base is not excited (but is, of course, properly biased). The output 
voltages taken from the collectors are equal in magnitude and 180° out of 
phase. 


15-4 TRANSFER CHARACTERISTICS OF A DIFFERENTIAL AMPLIFIER 


It is important to examine the transfer characteristic® (Te versus Vegi — Vaz) 
of the p1rF Amp of Tig. 15-8 to understand its advantages and limitations. We 
first consider this circuit qualitatively. When Va. is below the cutoff point 
of QI, all the current Io flows through Q2 (assume for this discussion that Vaz 
is constant). As Va carries Q1 above cutoff, the current in Q1 increases, 
‘ while the current in Q2 decreases, and the sum of the currents in the two 
transistors remain constant and equal to Ig. The total range AVo over which 
the output can follow the input is RceZo and is therefore adjustable through an 
adjustment of Jo. 
From Fig. 15-8 we have 


In + In = —TIo (15-19) 
Vei — Var = Vom — Varo (15-20) 


The emitter current Iz of each transistor is related to the voltage Vez by the 
diode volt-ampere characteristic 


Ty = IgeVasl!Vr (15-21) 


where Is is defined in terms of the Ebers-Moll parameters in Prob, 15-12, 

If we assume that Q1 and Q2 are matched, it follows from Eqs. (15-19) to 
(15-21) that 
[ 
Teo. = —Ie e 


| + exp [—(Vai — Va2)/Ve] 


(15-22) 


and Ic: is given by the same expression with Vs; and Vrs interchanged. The 
transfer characteristics described by Eq. (15-22) for the normalized collector 
currents I¢:/Io (and I¢2/Io) are shown in Fig. 15-9, where the abscissa is the 
normalized differential input (Vs1 — Vs2)/Vz. 
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Fig. 15-9 Transfer characteristics of the basic differen- 
tial-amplifier circuit. 


If Eq. (15-22) is differentiated with respect to Wp: — Vue, we have the 
transconductance g,q of the pirF AMP with respect to the differential input 
voltage, or 

dle. 7 _ To 
IVS Vale AVE 


where gna is evaluated at Vai = Vane. This equation indicates that, for the 
same value of Jo, the effective transconductance of the differential amplifier 
is one-fourth that of a single transistor [Eq. (11-4)]. An alternative proof of 
Eq. (15-23) is given in Prob. 15-11. 

The following conclusions can be drawn from the transfer curves of Fig. 
15-9: 


(15-23) 


1, The differential amplifier is a very good limiter, since when the input 
(Var — Vax) exceeds +4Vr (~ +100 mV at room temperature), very little 
further increase in the:output is possible. 

2. The slope of these curves defines the transconductance, and it is clear 
that gna Starts from zero, reaches a maximum of J9/4Vr when I¢, = Ic¢2 = 41, 
and again approaches zero. 

3. The value of gg is proportional to Jo [Eq. (15-23)]. Since the output 
voltage change V..» is given by 


Vor = Gmalee(Vinr — Vine) (15-24) 
it is possible to change the differential gain by varying the value of the current 


Io. This means that automatic gain control (AGC) is possible with the pirr 
AMP. 
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4. The transfer characteristics are linear in a small region around the 
operating point where the input varies approximately + Vr (+26 mV at room 
temperature). In Prob. 15-14 we show that it is possible to increase the region 
of linearity by inserting two equal resistors R, in series with the emitter leads 
of Q1 and Q2. This current-series feedback added to each transistor results 
in a smaller value of gmz. Reasonable values for R. are’ 50 — 100 Q, since for 
large values, Ag is reduced too much. The insertion of 2, also increases the 
input impedance. 


15-5 AN EXAMPLE OF AN IC OPERATIONAL AMPLIFIER 


An integrated op Amp usually cousists of a cascade of four stages. As indi- 
cated in Fig. 15-10, the first stage is a pirr amp with a double-ended output, 
the second stage is a pirr amp with a single-ended output, the third stage is an 
emitter follower, and the last stage is a dc level translator and output driver. 

In this section we examine in some detail an example® of an integrated 
operational amplifier, such as the Motorola MC1530 shown in Vig. 15-I1. 
This amplifier is constructed to utilize the advantages of monolithic integrated 
circuits. It offers low offset voltage and current, small size, increased reliabil- 
ity, and excellent temperature tracking. 

The purpose of this section is to analyze and evaluate the performance of 
this OP AMP. 


Input Resistance The first stage, Avi, consists of Q2 and Q8, with Q1 
used as a constant-current source to provide high common-mode rejection. 
The differential input resistance Ria to the total input signal V; is 2h, pro- 
vided PR, = 0 and hk, < 0.1. This statement follows from the fact that, 
since QI acts as a constant current Jo, the emitters of Q2 and Q3 are floating. 
Hence the resistance between the two inputs 1 and 2 is Ayjep + Aieg = Qh If 
input 2 is grounded, then input 1 is loaded by 2Aj.. 


Vs 


£ ca Ls 


O 
° 


DIFF. AMP. DIFF. AMP. Emitter follower Level translator and 
output driver 


Fig. 15-10 The Motorola MC1530 as a four-stage cascaded amplifier. 
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If we neglect 7 compared with 7»., then 


AL 
9m [Teo| 
where use is made of Eq. (11-11). We show further on in this section that 


Ie = les = Tes _ les ~«0.5mA. Since hye = 100 for Q2 and Q3, the differ- 
ential input resistance is 


2X 100 X 26 
0.5 


hie = Toe 


(15-25) 


Ria = 2hie = Q= 104K 


If this resistance is too small for the applied signal source, it can be increased 
by modifying the input circuit. For example, some IC op amps have a Dar- 
lington pair (Sec. 8-16) in place of Q2 and another in place of Q3. Another 
modification’ is to add a matched discrete FET differential stage at the input, 
or preferably to fabricate an FET differential pair on the same chip with the 
rest of the op amp. Widlar! has designed op amps (National Semiconductor 
Corp. LM108, for example) using supergain transistors (Sec. 7-6) in the input 
stage (current gains of 5,000 can be obtained at 1-yA collector current). For 
this transistor we find from Eq. (15-25) 


_ 5,000 X 26 X 107% 
= 10-6 


hie Q = 130 M 
which is very high indeed for a bipolar transistor. 

The differential input resistance of the second stage, consisting of the 
differential pair Q4 and Q5, is 2hice. However, since double-ended signals are 
applied to Q4 and Q5, then the resistance looking into each base is half this 
value, or Ai. This result follows from the equivalent circuit of Fig. 15-76, 
which indicates that the emitter is effectively at ground potential. Since it is 
known that Aye for transistor Q4 or Q5 is also 100, then hie = 10.4/2 = 5.2 K. 
This resistance is effectively connected from each collector of Q2 and Q3 to 
ground. Hence the equivalent collector-cireuit load is 


Ru = Ris = 7.75)\5.20 = 3.12 K 


Open-loop Voltage Gain The differential gain Az = Ay: is given by 
Eq. (15-14) multiplied by 2 (because the collector-to-collector output is twice 
the collector-to-ground output). Since R, = 0, hye = 100, and 
hie = 10.4/2 = 5.2K 
for the first stage, 


— Vo _ hyekre _ 100 X 3.12 _ 
AE Fhe, SED sch 
For the second stage, hye = 100, hie = 5.2 K, and the load is Ry = 3 K 
if we neglect the loading on Q5 of the emitter follower Q6 (whose input imped- 
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ance is high compared with 3 K). Since the seeond stage has a single-ended 
output, the differential gain is 

V3 Tigh;  — 100K 3 
Ve 2 he 2X 52 


28.9 


For the emitter follower, Av; ~ 1. The output stage uses voltage-shunt feed- 
back because of Ry and Rio. From Eq. (15-1) 


Hence the overall op amp differential voltage gain is 
Ay = (60.0)(—28.9)(—5) = +8,670 


Note that node 1 is the noninverting input terminal. 


DC Analysis It is necessary to know the de currents and voltages of the 
circuit to obtain the open-loop gain and the differential input resistance and to 
understand the operation of the level-translator output stage. 

Let us start with the current source Q1: We assume that all base currents 
can be neglected and all diode forward voltages and base-to-emitter voltages 
are 0.7 V. The de voltage Vem. of the base of Q1 with respect to ground N is 
(from Fig. 5-11) 


_ [—Vex +200.7))Rs _ (—6 + 1.4)(3.2) 


Vaui = Robe loa 32 = —3.14V 


and 


Piety = Veg t+ ser — 0.7) _ 6 = Lpoatenik 
1 " 


If it is assumed that the integrated transistors Q2 and Q3 are identical, 
one-half of 7; will flow through each: , 


leo = Ic¢3 = 0.495 mA 


The de voltage of the base of Q4 or Q5 with respect to ground is 
Vana = Vows = Veo — IesRs = 6 — 0.495 X 7.75 = 2.18 V 
The de voltage at the common emitter of Q4 and Q5 is 
Vens = Vans ~ Vary = 2.18 — 0.7 = 1.48 V 


and the current in R, is 


Since Js = Io + Ieg = 2Ics5, then Ig5'= 0.493 and the base voltage of Q6, 
which equals the collector voltage V3 of Q5, is 


Va = Vews = Vews = Veo — IcsR7 = 6 — (0.493) (3) = 4.52 V 
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Fig. 15-11 The Motorola MC1530 operational amplifier. In the analysis all base 
currents are neglected. 


The output V, of the emitter follower is 


Va = Veins = Vane = Vers = 4.52 — 0.7 = 3.82 Vv 


The Output Stage The last stage provides level translation and a sym- 
metrical output swing (at low impedance) with respect to ground. When the 
differential input voltage V; is zero, the output V, should be zero. Of course, 
due to mismatch of Vez and hrz, there will be some nonzero output voltage, 
which we consider in Sec. 15-7. 

The voltage Vzwe = 3.82 V must be reduced to zero at the amplifier output 
while de coupling is maintained. We shall now demonstrate that this level 
translation can be accomplished with the circuit parameter values in Fig. 15-11. 
Note that Q7 is biased by D3 in the manner explained in Sec. 9-7. Hence, 
following our discussion in See. 9-7 with respect to Fig. 9-1la, we find 


_ Vex — Vor _ 6.0 — 0.7 


sales Ra 3.4 


= 1.56 mA 
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— Vpg(-6 V) 


Fig. 15-12 The output stage of the MCI530. 


The voltage from the base of Q8 to ground is 
Voens = Voees + Vo4 = Ver = 0.7 + 0.7 — 6 = —4.60 Vv 
The currents in Ry and Ry» are 


_ Vens — Vans _ 3.82 + 4.60 
a Ry 6 


Tho = Ier — In = 1.56 — 1.40 = 0.16 mA . 


I, = 1.40 mA 


Finally, the de output voltage is 
Vo = Vaws + Ihoiy = —4.60 + (0.16)(30) = 0.20 V 


This calculated value for Vo is not to be taken too seriously, because we 
obtained Jy. as the difference between two almost equal numbers. -Such a 
subtraction can result in a large error in the small difference. Note that if 
Tio were 0.153 (instead of 0.16), then Vy = 0 (instead of 0.2 V). Also, Tio is 
greatly affected by small changes in the circuit parameter values. Hence a 
balancing technique (Sec. 15-6) is used to ensure that Vo = O for V; = 0. 

To consider the output stage under conditions of an applied excitation, 
refer to Fig. 15-12, where vs represents the signal voltage at the emitter of Q6, 
Vews is the de voltage at this emitter, and Ic7 is the constant current supplied 
by Q7. The signal v. is amplified by Q8 and is transmitted to the totem-pole 
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arrangement of Q9 and Q10. If v is positive, then the current in Q9 is 
decreased and that in Q10 is increased, and current is taken from the load 
which is across the output and », decreases. Similarly, if v, is negative, the 
current in Q9 is increased, that in Q10 is decreased, current is delivered to the 
load, and », increases. 

For a very large positive vs, Q9 is cut off and Q10 is driven into saturation. 
Under these circumstances 9. = —Ver + Verioet = —6+ 0.2 =— 5.8 V. 
Similarly, for a very large negative v,, Q10 is cut off and Q9 is driven into 
saturation, so that % = Vee — Vegssa = 6 — 0.2 = +5.8V. The maximum 
peak-to-peak output swing is 11.6 V. 

Note that the output stage is stabilized by means of the voltage-shunt 
feedback supplied by resistors Ry and Rio. 


Common-mode Voltage Swing We are going to show now that Ven; 
and Vewz set a limit on the input common-mode voltage swing Vicm. This 
parameter is defined as the maximum peak input voltage that can be applied 
to either input terminal without causing abnormal operation or damage. The 
positive limit of Vicar depends on the collector voltage of the input stage; that 
is, Vewe = Vans © 2.2 V. If View exceeds 2.2 V, then the collector-to-base 
junction of Q2 will become forward biased and Q2 may saturate. On the 
other hand, if Vicar becomes more negative than 


Veni + Vere = —3.144+ 0.7 = —2.44 V 


then the collector of Q1 will become forward biased, and this will result in 
abnormal operation. Therefore, when the power supplies are +6 V, the 
common-mode voltage swing for this amplifier should not exceed +2 V 
maximum. 


15-6 OFFSET ERROR VOLTAGES AND CURRENTS 


In Sec. 15-1 we observe that the ideal operational amplifier shown in Fig. 15-la 
is perfectly balanced, that is, V, = 0 when V; = Ve. A real operational 
amplifier exhibits an unbalance caused by a mismatch of the input transistors. 
This mismatch results in unequal bias currents flowing through the input 
terminals, and also requires that an input offset voltage be applied between 
the two input terminals to balance the amplifier output. 

In this section we are concerned with the de error voltages and currents 
that can be measured at the input and output terminals. 


Input Bias Current The input bias current is one-half the sum of the 
separate currents entering the two input terminals of a balanced amplifier, as 
shown in Fig. 15-13@. Since the input stage is that shown in Fig. 15-8, the 
input bias current is Ig = (Ip; + Ip2)/2 when V, = 0. 
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Fig. 15-13. (a) Input offset voltage. (b) Output offset 
voltage. 


Input Offset Current The input offset current J,, is the difference 
between the separate currents entering the input terminals of a balanced 
amplifier. As shown in Fig. 15-13a, we have Ji. = Ip; — Ig, when V, = 0. 


Input Offset Current Drift The input offset current drift AJ;,/AT is the 
ratio of the change of input offset current to the change of temperature. 


Input Offset Voltage The input offset voltage V;. is that voltage which 
must be applied between the input terminals to balance the amplifier, as shown 
in Fig. 15-13a. 


Input Offset Voltage Drift The input offset voltage drift AV;./AT is the 
ratio of the change of input offset voltage to the change in temperature. 


Output Offset Voltage The output offset voltage is the difference 
between the de voltages present at the two output terminals (or at the output 
terminal and ground for an amplifier with one output) when the two input 
terminals are grounded (Fig. 15-13b). 


Power Supply Rejection Ratio The power supply rejection ratio (PSRR) 
is the ratio of the change in input offset voltage to the corresponding change 
in one power supply voltage, with all remaining power supply voltages held 
constant. 


Slew Rate The slew rate is the time rate of change of the closed-loop 
amplifier output voltage under large-signal conditions. 


The various parameters of a typical monolithic operational amplifier are 
given in Table 15-1. 
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TABLE 15-1 Typical parameters of monolithic 
operational amplifier 


PSRR 


Universal Balancing Techniques When we use an operational amplifier, 
it is often necessary to balance the offset voltage. This means that we must 
apply a small dc voltage in the input so as to cause the de output voltage to 
become zero. The techniques shown here allow offset-voltage balancing with- 
out regard to the internal circuitry of the amplifier. The cireuit shown in 
Fig. 15-14a@ supplies a small voltage effectively in series with the noninverting 


(50 K) 
Pot. 


(0) 


Fig. 15-14 Universal offset-voltage balancing circuits 
for (a) inverting and (b) noninverting operational 
amplifiers. 
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input terminal in the range + V[R2, (Ai + R.)] = +7.5 mV if +15-V supplies 
are used and &, = 200 K, R. = 1002. Thus this circuit is useful for balancing 
inverting amplifiers even when the feedback element &; is a capacitor or a 
nonlinear element. If the operational amplifier is used as a noninverting 
amplifier, the circuit of I'ig. 15-140 is used for balancing the offset voltage. 


15-7 TEMPERATURE DRIFT OF INPUT OFFSET VOLTAGE 
AND CURRENT 


The most critical influence on the operation of the operational amplifier is 
exercised by the input differential stage because the equivalent error effects 
of the subsequent stages are reduced by the gain provided by the first. stage. 
In this section we examine the input error signals and thermal drifts of the 
input differential stage, shown in lig. 15-S. 

From Fig. 15-8 we see that the input offset voltage is 


Vio = Vari — Vaga (15-26) 


where Vezi and Vege correspond to I¢, = Ic. It is possible to fabricate 
matched integrated transistor pairs, where the base-to-emitter voltage differ- 
ence is approximately one millivolt. 

The input offset voltage drift can be found using Eqs. (15-26) and (19-92): 


aVio _ dVer.  dVae2 _ Vari — Varo 


aT ar aT T 
or 

dV in = Vio 

ied (15-27) 
l’rom the differential equation (15-27) we find 

Vi = CT (15-28) 


where C is a constant. Thus we see that the input offset voltage drift is 
independent of temperature. If we assume that Vi. = 1 mV at room tempera- 
ture, then dV;.,dT = 10-3/300 = 3.3 nV,°C, as compared with 


dVpz/dT = —2.5 mV/°C 


for a single common-emitter transistor. 

The input offset bias current has been defined as I;, = Ipi — Iso, and if 
Ini ¥ Tax, even with equal source resistances a differential input error voltage 
will be produced at the input of the first stage. Ideally, we would like to have 
Ip, = Ia. = 0, and it is for this reason primarily that very high input-resis- 
tance differential stages are used (Sec. 15-5). 

Since 


1, = 1a _ le 


Bi Be 
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we find that the input current drift caused by mismatch in f; and fe, if 
Tex = Ie, is given by 
aly 1 dp: 1 dB. 
ae = ~ (gant) t+ (aan) im ee 
Tor matched integrated transistors the beta temperature coefficients are 
almost equal and the beta variation is caused by changing minority-carrier 
lifetime in the base region.* For typical silicon transistors it is found that 


1 dp _ eee T > 25°C 


Bat |—0.015°C" Tf < 25°C 
The drift expression now becomes 

alin _ 1 dg i. 

aT ~ Gj i) Tig Pee) 
It is possible to reduce the input bias current and the corresponding current 
drift by using Darlington pairs instead of Q1 and Q2 in Fig. 15-8. However, 
because of the added pair of emitter junction voltages, there is an increase in 
the input offset voltage and voltage drift. 


15-8 MEASUREMENT OF OPERATIONAL AMPLIFIER PARAMETERS 


In this section we describe practical methods of measuring some of the impor- 
tant parameters of operational amplifiers. Specifically, we examine (1) open- 
loop voltage gain Ay, (2) output resistance RF, without feedback, (3) differential 
input resistance R,, (4) input offset voltage V., (5) input bias current Ig and 
input offset current Z;., (6) common-mode rejection ratio, and (7) slewing rate. 


Open-loop Differential Voltage Gain Ay = Ag The open-loop voltage 
gain is defined as the ratio of the output signal voltage to the input differential 
signal voltage V;. Figure 15-15 shows a technique of measuring this param- 
eter. It is essential that the effect of the input offset voltage be canceled as 
shown in the figure, since otherwise the high amplification of this voltage will 
result in output saturation. The input excitation V, is an ac signal; by varying 
its frequency we can obtain the frequency response Ay. The input attenuator 
is essential so that V; can be at a sufficiently low level for output swings no 
greater than about 30 percent of the output voltage rating (to ensure linear 
operation). 


Output Resistance R, The output resistance FR, of the operational ampli- 
fier can be obtained using the circuit of I'ig. 15-15 and measuring the decrease 
in the low-frequency gain Ay caused by a load resistance Ry. Then, from 
Fig. 15-16 

Ay = 


zi or lel 


522 / INTEGRATED ELECTRONICS Sec. 15-8 


Attenuator 
40 dB 


Fig. 15-15 Circuit for measuring Ay, R,, and R;. 


and. 


A, 
Ro = (z = 1) Ri (15-31) 
where A, and Ay are the open-loop gains with R, = © and R, X ~, 
respectively. 


Differential Input Resistance R; The differential input resistance R; can 
be measured by forming a voltage divider at the input of the amplifier in 
Fig. 15-15. This is done by inserting two equal resistors R at points A and B 
in series with the inverting and noninverting terminals. The new output is 


ee 3 
Y= peor 


where V, is the value measured with R = 0. Two resistors instead of one 
are used so that any stray coupling from the output will generate equal signals 
at the inverting and noninverting terminals. These equal stray input signals 
will be prevented from reaching the output by the common-mode rejection. 
Often a capacitor C is placed across each of the resistors R to reduce high- 
frequency noise. 

From the above equation we solve for Ry. 


R: = 2k (15-32) 


oe 
Vv, — Ve 
If the capacitors C are employed, the input signal frequency must be much less 
than 1/(2rRC). If R; is very high, as with FET input differential stages, then 
V, =~ Vi, and the measurement is not practical. 
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Fig. 15-16 Measurement of input offset voltage 
Vio 


Input Offset Voltage V;, The simple closed-loop circuit of Fig. 15-16 
can.be used for this measurement. We have from Eq. (15-4) 


ey ga 


R Vio (15-33) 


Vo 


if R = 100 2 and R’ = 100 K, the small input offset voltage is multiplied at 
the output by a factor of 1,001, and thus it is easily measured. 


Input Bias Current In Fig. 15-17 we allow the input bias currents Tp 
and In to flow through the two large resistors Rg > 10 XM, while the amplifier 
is connected as a unity-gain noninverting amplifier. If resistors Rg: are 
_ selected so that IgRs > Vio, then the voltages created by the bias currents 
are much larger than Vio. 

If we connect terminals A and B, the measured output will be Vo. = Ima; 
similarly, the measured output will be V, = —Js.Rz if we connect terminals 
Cand D. The large resistors Ry are bypassed with 0.01-yF capacitors to 
reduce high-frequency noise. The bias current Ig is defined in Sec. 15-6 as 
the average of Ig: and Ise, while the input offset current J;, is the difference 
Iz, — Igo of the individual base currents. 


Common-mode Rejection Ratio The common-mode rejection ratio p is 
defined in Eq. (15-11) by 


Fig. 15-17 Measurement of bias currents. 
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y% 


Fig. 15-18 Measurement of common- 
mode rejection ratio. 


where Aq is the differential voltage gain, and A, is the common-mode voltage 
gain. Vor the circuit of Fig. 15-18, the signal at point A or B is essentially 
the common-mode signal V’,, where 


Ri R’ 


"oF = Ba 


V. 


assuming that Rj > R,; and R’> R. If the resistors are matched (R= Rhy 
and R’ = R}), then V; = 1, = 0, provided that A,=0. Since A, ~ 0, there 
is an output error voltage V’,, and thus a differential input voltage V; = V,/Aa. 
Thus 


Since V, = V.. then V; is effectively across R and 1’, = [((R + R)/R]V:. 


_R+R'Y, 
i 


(15-34) 


It is found that A. = V., V, is a nonlinear function of the magnitude of V,. 
For this reason it is important to make the above measurement at the rated 
common-mode voltage swing. 


Slewing Rate’ The maximum rate of change of the output voltage when 
supplying the rated output is defined in Sec. 15-6 as the slewing rate. This 
rate dV, /d¢ can be measured using the noninverting circuit of Fig. 15-4, with 
R= and R’ = 0, since this usually represents the worst case. If the 
amplifier has a single-ended input, then the circuit of Tig. 15-2a is used, with 
4=h=1KandZ = R'=10K. Theinput Viisa high-frequency square 
wave, and the slopes with respect to time of the leading and trailing edges of 
the output signal are measured. It is common to specify the slower of the two 
rates as the slewing rate of the device. 


15-9 FREQUENCY RESPONSE OF OPERATIONAL AMPLIFIERS 


The typical operational amplifier discussed in Sec. 15-5 consists of four stages, 
as shown in Fig, 15-11. If we assume that the amplifier is driven by two signal 


Sec. 15-9 OPERATIONAL AMPLIFIERS / 525 


sources which are equal and opposite in phase, there are only true difference 
signals present. Thus we need consider only half of each differential pair for 
an analysis of the frequency response. This response can be obtained by 
considering a cascade of two common-emitter stages, an emitter follower and 
the output stage. The general method of obtaining the high-frequency 
response of such a chain of interacting stages was presented in Secs. 12-10 
and 12-11. The computational complexity is so great that computer-aided 
analysis is required. The response may also be obtained by laboratory 
measurements. 

The open-loop gain of the op amp has a transfer function with several 
poles and with zeros at much higher frequencies than the poles. Experi- 
mentally, the poles can be found from the amplitude response curve (the plot 
of the magnitude of gain in decibels versus log f). Tangent to this curve 
are drawn straight lines whose slopes are 0, —20 dB per decade, —40 dB per 
decade, . .. , as indicated in Figs. 12-4 and 12-6. The pole frequencies /,, 
2, -.. are then obtained from the corner frequencies, the values of f at 
which adjacent lines intersect. 

The poles and zeros of A(jf) are normally specified by the manufacturer 
in data sheets provided with commercial operational amplifiers. In Fig. 15-19 
we show the open-loop gain and phase response of a typical op amp (zA702), 
using the straight-line Bode approximation. We see that the transfer function 
has three poles, one at 1 }1Hz, asecond at 4 MHz, and athirdat40 MHz. For 
the [C1530 the manufacturer gives the first three poles at 1, 6, and 22 MHz. 


Stability of an op ame For the inverting op amp of Fig. 15-2a, with 
Z= Rh, Z’ = R’, and R; = ©, we obtain from Eq. (15-2) 


| 
Te [Te 
6370 0 dB/decade wll | 0 
—20 dB/decade 
60 - _45°/decade [TH i l | —45 ‘* 
I i) 
50 Phase of Aya = 40 dB/decade -9 0 
o 
40 (36 4Bxqy =90°/aecede?| car “135 g 
3 30 TT 335° /decade” | er tlle, f Lago 
> ! ° 
a0 Lt 445° /decade, | ~225 
= [| | 4 27 
10 Phase of “Ay me 
0 t i T 0°/decade’7 
~10 | —60 dB/decade 
= [Ay| 
“ k ! 
f, Ki. i 4h 
| 
t 
112.5 MHz 
100 k 500 1M 5 10M 50 100M 500 
f, Hz 


Fig. 15-19 Open-loop gain and phase shift characteristics of the »A702A. 
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_Vo_ as 
VY. R+R1-RAV/(R+R) 


This equation may also be obtained by using the feedback concepts of Chap. 13, 
as we now demonstrate. 

The topology corresponds to voltage-shunt feedback, and it is found 
(Prob. 15-24) that 


Avy 


(15-35) 


Ay, = = : (15-36) 
Using the feedback formula [Eq. (13-4)] 


Ru 
Rus = 
“TE BRu 
and Eqs. (15-36), the expression for Av; in Eq. (15-35) is obtained. 
The condition for oscillation is 


BRu = — =m = 1/180° (15-37) 


Similarly, for the noninverting amplifier of Fig. 15-4, we find 


=, Vo = —Ay 
~V, 1—{R/R +R) 1Ar 


We see from Eq. (15-38) that Eq. (15-37) represents the stability criterion for 
both the inverting and noninverting operational amplifiers. 

It is important to point out that for negative feedback the gain Ay 
represents a negative real number at low frequencies. Hence we observe that 
if the product [R/(R + R’]|Ay| becomes unity when the phase shift of — Ay 
reaches 180°, the amplifier will oscillate. From the open-loop gain and phase 
shift of the »A702A shown in Fig. 15-19, we find that at the frequency of 
f = 12.5 MHz, where the phase shift of — Ay equals 180°, the magnitude of Ay 
is 36 dB. Thus, from Eq. (15-37) we have 


Ayys (15-38) 


20 le gay + 20 log |Av| = 20 log 1 =0 (15-39) 


20 log ge 2256 


Bis” ood, oe a 
R+R 63 ~ 62 
For 45° phase margin we find, from Tig. 15-19, 20 log |Ay| = 50 dB, and 
from Iq. (15-39) we obtain 20 log [R/(R + R’)] = —50 dB, or R/R’ & sh. 
Since the closed-loop voltage gain is approximately Ay; ~ —R’/R, we see that 
the low-frequency gain of the inverting feedback amplifier cannot be less than 
316 in magnitude for a phase margin of at least 45°. 
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15-10 DOMINANT-POLE COMPENSATION 


In the preceding section we observed that the »A702A op amp will be unstable 
if sufficient feedback is used to obtain a low-frequency gain with feedback less 
than 62. By adding poles and zeros to the frequency response of the loop gain, 
we can compensate the phase shift introduced by 8 and/or Ay to ensure stabil- 
ity, limit any peaking in the closed-loop frequency response, and even reduce 
overshoot and ringing if a square wave is applied to the closed-loop operational 
amplifier. Our discussion in Sec. 14-11 on compensation of a feedback ampli- 
fier is equally applicable to an op amp. Thus we can cause the gain Ay to 
decrease as a function of frequency by inserting a single capacitor to shunt the 
signal path to ground. The capacitance is chosen such that it creates a 
dominant pole in Avy low enough in frequency so that the magnitude of the 
loop gain becomes less than unity at a frequency where the amplifier introduces 
negligible phase shift. Since the capacitor adds a phase shift smaller than 90°, 
the circuit will be stable. A possible point to which to connect such a com- 
pensating capacitor in Fig. 15-11 is from pin 5, the output point, to ground. 
This is done primarily to suppress internally generated broadband noise volt- 
ages. ‘The more desirable location’ for the compensation capacitor is between 
pins 9 and 10, since the slew rate decreases with increasing capacitance. A 
larger capacitance (for the same roll-off pole) is required at the output pin 5, 
due to the lower resistance seen by the capacitor at this node than between 
pins 9 and 10. 

Figure 15-20a shows the open-loop voltage gain Ay versus frequency for 
three different values of roll-off capacitance between pins 9 and 10 for the 
MC1530 op amp. Figure 15-200 shows the decreasing slew rate with increasing 
compensating capacitance for the same amplifier. Figure 15-2la shows the 
closed-loop voltage gain with frequency for Avy = 100, 10, and 1 for the 


100 1 100 
C, = 1800 pF. No compensation 
80 » 10 
3 
9 60 H © 19 | 
C = 6800 pF q 
< 40 & 0.1 
C, = 33000 pF’ 2 
20 t i 2 001 
100 «10K 10K 100K 10M 10M 0.001 0.01 0.1 1.0 
f, Hz Cy, uF 
(a) (b) 


Fig. 15-20 (a) The MC1530 open-loop voltage gain Ay versus f for three 
different values of compensating capacitor C:. (b) Slew rate versus Ci. 
(Courtesy of Motorola, Inc.) 
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ToT 
| I Mot = te00 pr 
40 | 
Cy = 6800 pF 
I 20 
= N 
< 
C, = 33000 pF] 
7 : y Fig. 15-21 (a) Closed-loop voit- 
age gain Ay; versus f for three 
different values of compensating 


100 10k Wk 10k LOM 10M capacitor. (b) Amplifier con- 
nection, Nofe: 


Curve | R | R’ Ry 


1 1} 100 1K 
2 10} 100 | 10K 
3 10 10 5K 


(Courtesy of Motorola, Inc.) 


(b) 


amplifier connected as shown in Fig, 15-21). It is clear that the added capaci- 
tor modifies the open-loop gain Ay so that it becomes Ay given in Eq. (14-52), 
where the dominant pole f, is determined from 


1 


fa = 2nRiCy eine) 


and &; is the resistance seen looking into the terminals to which the capacitor 
is connected. The frequency f, is found graphically by having A} pass 
through 0 dB with a slope of 20 dB per decade. Usually, fz is selected so that 
Ay passes through 0 dB at the first pole f; of the uncompensated Ay. 


15-11 POLE-ZERO COMPENSATION 


The simple dominant-pole compensation through a single capacitor reduces 
bandwidth drastically, as is seen from lig. 15-20a. Clearly, this method is 
useful only for low-frequency (audio) amplifiers. Improvement in bandwidth 
may be obtained by introducing both a pole and a zero in the gain Ay, where 
the zero is designed to correspond exactly with the first pole of Ay so that the 
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zero can cancel the pole. ‘This technique is discussed in Sec. 14-13. Three 
examples of pole-zero cancellation are given below. 

Figure 15-22 shows an RC network connected to a node Y of the amplifier. 
Note that A, is the resistance seen by the signal at the point Y. The modified 
open-loop voltage gain Ay is given by Eq. (14-55), where f, and f, are defined 
in Eqs. (14-54), with R2 = Rh. C = C,, and &; = Ry. In designing this net- 
work, fz is selected equal to the first pole of Ay, and the pole f, < f, is placed 
on the Bode plot so that the desired phase margin is obtained when the loop 
gain becomes unity. 


Modification of Open-loop Input Impedance It is found that the 
amplifier slewing rate (or the maximum time rate of output swing at high 
frequencies) increases if the RC network is connected at a point where the 
signal swing is small, and thus only a small current is required to charge the 
compensating capacitor. Since the input terminals of an op Amp are virtually 
shorted together, it is advantageous to place the compensating R#.C, network 
between terminals 1 and 2 instead of from point Y to ground in Fig. 15-22. 
Thus the network is connected in parallel with the operational amplifier input 
impedance Z;. Let us assume that |Z,| « |Z;:|, where Z. = R. + 1/jwC.. 
Then we find 
P = 1+ joR.C, 
ro) = Ave) Ty ya0AR. + EIR’ +B) 


(15-41) 


This equation is of the same form as Eq. (14-55), and thus this procedure 
allows compensation by means of pole-zero cancellation. 


Miller Effect Compensation Adding a feedback capacitance around an 
intermediate stage of the operational amplifier is another method of providing 
phase compensation by means of pole-zero cancellation. Due to the Miller 
effect. (Sec. 11-8), a response zero coincident with the pole of that stage is 
developed, as we now demonstrate. Consider a differential amplifier input 


Fig. 15-22 The use of an RC net- 
work for pole-zero cancellation. 


Compensating 
network 
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Uncompensated 
—20 dB/decade 


A,, 6B 


—40 dB/decade 


| 
fe f, f logf 
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Fig. 15-23 (a) Differential input stage with Miller effect compensation. (b) Smalil- 
signal equivalent circuit of first stage. (c) Overall response of the two stages. 


stage followed by a second stage across which is the compensating capacitance 
C;, as indicated in Fig. 15-23a. In the absence of Cs, we assume that the input 
stage has a dominant pole fi, and hence its voltage gain is approximated by 
Ay — Va = Avo1 
Vi 14+ 907%) 
In Fig. 15-230 is shown the small-signal model of the input pirr amp which 
results in the transfer function of Eq. (15-42). In this circuit Ry is the effec 
tive load resistance and C;, the effective load capacitance from collector to 
ground of the input stage, gma is the differential transconductance, and Car is 
the Miller capacitance (which is zero for Cy = 0). Solving for V2/V; from 
this cireuit, we obtain (with Cy, = 0) Eq. (15-42), with 


1 
Avo: = Gnaltz fi= BrRiC, : ; (15-43) 


(15-42) 
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We assume that the second stage also has a dominant pole fz (with C; in place), 
and hence its voltage gain is approximated by 


Vs __ Ava 
V2 1+ 9C/f2) 


For negative feedback we assume Ayoo <0. The Miller effect indicates that 
Cu = (1 — Ave)C;, and using Eq. (15-44), we find that 

if Ci + =) 
GS te Ae, 
1 + jf/fe 1+ 9f/fe 


where C, = Cr + (1 — Avox)Cy = —AvoaCy, since |AyorCs| > Cr + Cy. 
From Fig. 12-23b, with Cy ~ 0, we obtain the voltage gain A}, of the first 
stage after the compensating capacitor C’, has been added. 


Aye (15-44) 


c.( 
Cit Cu = (15-45) 


~ + j2afRi(Ci + Cu) 
From Eggs. (15-45) and (15-46) is obtained 


At, = Gna + I/F, marl + 9(F/f2)] 
1 +90/f:) + IG/fic) 1+ 90 /fic) 


where the compensated pole of the first stage fic is given by 
Acs ee ee 
er 2rRirA vos 


and Cy is chosen so that fic «fe. Note that the effect of the compensating 
capacitor C; is to change the pole of the first stage from f; to a much smaller 
value fic and-to add to the gain function of the first stage a zero which exacily 
equals the pole of the second stage. ence there is a pole-zero cancellation, and 
the overall gain Ay of the two stages is 


At, Oman (15-46) 


(15-47) 


me RrAver 

Ape Ap, oo 54 

Vv yitty2 I + ICG/fie) (15 8) 
The relative positions of fic, fi, and f2 are indicated in Tig. 15-23c, where 

the Bode plots of both stages Ay are shown, uncompensated and compensated. 

Since the compensated response has a slope of —20 dB per decade when it 

crosses the 0-dB line, the amplifier is unconditionally stable. 


15-12 LEAD COMPENSATION 


. Lead compensation is generally provided by modifying the 6 network, spe- 
cifically, by shunting resistor R’ with a capacitance C’, as shown in Fig. 15-24, 
so that the new loop gain will have an added positive phase shift in the fre- 
quency range near the unity-loop-gain crossover point. Equation (15-37) 
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_ Fig. 15-24 Lead-compensated opera- 
tional amplifier. 


gives the loop gain for the uncompensated amplifier. If we substitute for R’ 
an impedance Z’, which is the parallel combination of R’ and C’, Eq. (15-37) 
becomes 

RAy —RAAy 


1/180? = 5 Ee (15-49) 


where we find that A is given by 


_14+ jf) 
~ T4307) csc 
hago md fa kth, (15-51) 


Note that the pole frequency is always higher than the frequency of the zero. 


a 


EXAMPLE Design the amplifier of Fig. 15-24 with the uA702A, using 32 dB of 
feedback at low frequencies. Find C’ for a phase margin of 45°. 


Solution Figure 15-19 shows the open-loop gain Ay of the wA702A, from which 
we see that with 32 dB of feedback, the phase margin is zero and the circuit will 
oscillate. By adding C’, we introduce a phase lead due to the compensating zero, 
and thus we may shape the phase-shilt curve so as to obtain the 45° phase margin 
desired. Optimum values for f, and f, must be found graphically from the Bode 
plot. Of course, f, cannot be placed independently of f, since they are related 
by Eq. (15-51). 

To find the ratio f,/f., we must calculate (2 + R’),'R. Since a desensitivity 
D of 32 dB at low frequencies is desired, then 


20 log D = 20 log |1 + BRaro| = 20 log |BRu.| = 32 (15-52) 


or using the values of 6 and Rar. from Eg. (15-36) and noting that 20 log |Av.| = 
68 dB, fron Fig. 15-19, we have 


R R 
201 20 log |Av.| = 20 log- 68 = 32 15-53 
Saaet og |Avo| Cpa Rt ( ) 
from which we find 
é 
fe * =63 and fy = 68, (15-54) 


Note that the pole is located at a very much higher frequency than the zero. 
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Fig. 15-25 Magnitude and phase response of lead-compensated operational 
amplifier (Ay = AAy). 


In Fig. 15-25 is indicated the idealized Bode plot for the open-loop gain Ay 
of the wA702A op amp, the transfer function A of the compensating network, 
and the product of these two, namely, 4 = AAy. The magnitude of Ay is 
indicated by solid heavy lines, of A by solid lightweight lines, and of A} by solid 
dashed lines. The phase lines are drawn in a corresponding manner, except that 
they are shaded. The magnitude and phase of Ay are identical with the corre- 
sponding Bode plots in Fig. 15-19. 

Since f,>>f., then the pole has practically no influence on the resultant 
gain Aj in the neighborhood of the phase of —180°. Hence we must locate f, 
by trial and error so that the overall response Aj satisfies the design requirement 
of 45° phase margin at 32 dB of low-frequency feedback. It takes only a few 
trials to settle upon fz = 10.0 MHz. The plots in Fig. 15-25 correspond to this 
value of the zero (and tof, = 63f. = 63 MHz), and we see that the desired specifi- 
cation is satisfied. 

To determine the value of C’ we may arbitrarily choose R, and from Eq. 
(15-54) A’ = 62R, and then C’ is given by Eq. (15-51). For example, for 
R= 1K, then &' = 62 K, and we find 


C= J : F = 0.25 pF 
2nf.R’ 6.28 X 107 62 & 108 


Since this value of C’ is impractically small, we choose & = 100 9, R’ = 6.2 K, 
and then C’ = 2.5 pF. 

Note that since the input to the op amp terminals is a virtual pround, the 
impedance seen by the signal source V, in Fig. 15-24 is only 100 2. 
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Lead compensation can also be provided by modifying the open-loop 
voltage gain of the basic amplifier, provided that appropriate leads are avail- 
able from the IC chip. For example, a capacitor C’ can be connected between 
terminals 7 and 8 of the IC op amp shown in Fig. 15-11. If resistor Ro is 
paralleled by a capacitor C’ then the RC" parallel combination has an imped- 
ance Zy = Ro/(1 + sC’Rs). The voltage gain of the output driver becomes 
Vio/Va = —Rio/Zs = —Rio(l + sC’Ro)/Ry and, thus, a zero is introduced in 
the open-loop voltage gain transfer function of the basic amplifier. 


15-13 STEP RESPONSE OF OPERATIONAL AMPLIFIERS 


In Chap. 14 it is demonstrated that many feedback amplifiers have a single 
dominant pole or two dominant poles, with all other poles at least two octaves 
away. If an op Amp is represented by a two-pole transfer function, the small- 
signal response is that discussed in Sec. 14-2 and plotted in Fig. 14-7. 


Large-signal Step Response If the output voltage exceeds 1 V, the 
transient response is altered by nonlinear operation such as bias disturbances 
and the slewing-rate® limit determined by the circuit capacitances. If we 
connect, for example, a compensation capacitor Ci from collector to collector 
of the first differential stage, this capacitor must charge during the large-signal 
transient response, and the maximum available current is 2/¢, where J¢ is the 
de current of either transistor. Thus 


aver = 5S (15-55) 
and this limit distorts the large output signal. In general, the nonlinear oper- 
ation and slewing-rate limit increase the settling time (lig. 14-6). 

In practice, the selection of the compensation capacitor is greatly aided 
by observing the amplifier step response with a square-wave input and varying 
the compensating capacitance at various signal levels to obtain satisfactory 
compensation. 
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REVIEW QUESTIONS 


15-1 (a) Draw the schematic block diagram of the basic op amp with inverting 
and noninverting inputs. (8) Indicate its equivalent circuit. 

15-2 List six characteristics of the ideal op amp. 

15-3 (a) Draw the schematic diagram of an ideal inverting op amp with voltage- 
shunt feedback impedances Z and Z’. (8) Indicate the virtual-ground model for cal- 
culating the gain. 

15-4 For the op amp of Rev. 15-3, assume finite A, and R, and nonzero R,. 
Draw the equivalent circuit using Miller’s theorem. 

15-5 (a) Draw the schematic diagram of an ideal noninverting op amp with 
voltage-shunt feedback. (}) Derive the expression for the voltage gain. 

15-6 (a) Define an ideal pryr amp. (6) Define difference signal vz and common- 
mode signal v.. 

15-7 (a) Draw the circuit of an emitter-coupled pirr amp. (6) Explain why the 
CMRR- o for asymmetrical circuit with #, > ©. 

15-8 (a) Draw the equivalent circuit from which to calculate A. for the emitter- 
coupled pirr amp. (6) Repeat for Ag. 

15-9 (a) Why is R, in an emitter-coupled pirr amp replaced by a constant- 
eurrent source? (b) Draw such a circuit. (c) Explain why the network replacing FR, 
acts as an approximately constant current /o. (d) Explain how Io is made to be 
independent of temperature. 

15-10 Explain why the CMRR is infinite if a true constant-current source is 
used in a symmetrical emitter-coupled DIFF AMP. 

15-11 (a) Sketch the transfer characteristics of a pirr amp. (6) Over what dif- 
ferential voltage is the pirr amp a good limiter? (c) Over what differential voltage is 
the transfer characteristic quite linear? (d) How does the transconductance vary 
(qualitatively) with differential voltage? (e) Explain why AGC is possible with the 
DIFF AMP. 

15-12 (a) Draw an IC op amp in block-diagram form. (6) Identify each stage 
by function. 
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15-13 Define (a) input bias current, (b) input offset current, (c) inpul offset voliage, 
(d) output offset voltage, (e) power supply rejection ratio, and (f) slew rate for an oP AMP. 

15-14 Show the balancing arrangement for (a) an inverting and (}) a noninvert- 
ing OP AMP. 

15-15 Show the circuit and explain how to measure (a) Av, (b) Ro, and (c) R; 
of an oP AMP. 

15-16 Repeat Rev. 15-15 for V;,. 

15-17 Repeat Rev. 15-15 for J,,. 

15-18 Repeat Rev. 15-15 for CMRR = p. 

15-19 Repeat Rev. 15-15 for the slewing rate. 

15-20 Explain how the poles of an op amp may be determined experimentally. 

15-21 Discuss dominant-pole compensation of an op amp. 

15-22 Indicate three methods of implementing pole-zero compensation of an 
OP AMP. 

15-23 (a) Draw the circuit which applies lead compensation to an inverting oP 
amp. (b) Verify that a phase lead is introduced by the circuit.element added. 


INTEGRATED CIRCUITS AS 
ANALOG SYSTEM BUILDING 
BLOCKS 


Many analog systems (both linear and nonlinear) are constructed with 
the OP AMP or DIFF AMP as the basic building block. These IC’s aug- 
mented by a few external discrete components, either singly or in com- 
bination, are used in the following linear systems: analog computers, 
voltage-to-current and current-to-voltage converters, amplifiers of 
various types (for example, de instrumentation, tuned, and video 
amplifiers), voltage followers, active filters, and delay equalizers. 

Among the nonlinear analog system configurations discussed in 
this chapter are the following: amplitude modulators, logarithmic 
amplifiers and analog multipliers, sample-and-hold circuits, compa- 
rators, and square-wave and triangle-waveform generators. 


I. LINEAR ANALOG SYSTEMS 
16-1 BASIC OPERATIONAL AMPLIFIER APPLICATIONS! 


An op amp may be used to perform many mathematical operations. 
This feature accounts for the name operational amplifier. Some of the 
basic applications are given in this section. Consider the ideal op amp 
of Fig. 15-2a, which is repeated for convenience in Fig. 16-la. Recall- 
ing (Sec. 15-1) that the equivalent circuit of Fig. 16-16 has a virtual 
ground (which takes no current), it follows that the voltage gain is 
given by 


Avy Soy (16-1) 


Based upon this equation we can readily obtain an analog inverter, a 
scale changer, a phase shifter, and an adder. 
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I 


(a) (b) 


Fig. 16-1 (a) Inverting operational amplifier with voltage-shunt feedback. 
(b) Virtual ground in the op amp. 


Sign Changer, or Inverter If Z = Z’ in Fig. 16-1, then Ay; = —1, and 
the sign of the input signal has been changed. Hence such a circuit acts 
as a phase inverter. If two such amplifiers are connected in cascade, the 
output from the second stage equals the signal input without change of sign. 
Hence the outputs from the two stages are equal in magnitude but opposite 
in phase, and such a system is an excellent paraphase amplifier. 


Scale Changer If the ratio Z'/Z = k, a real constant, then Avy = —k, 
and the scale has been multiplied by a factor —k. Usually, in such a case of 
multiplication by a constant, —1 or —k, Z and Z’ are selected as precision 
resistors, 


Phase Shifter Assume that Z and Z' are equal in magnitude but differ in 
angle. Then the operational amplifier shifts the phase of a sinusoidal input 
voltage while at the same time preserving its amplitude. Any phase shift 
from 0 to 360° (or +180°) may be obtained. 


Adder, or Summing Amplifier The arrangement of Fig. 16-2 may be used 
to obtain an output which is a linear combination of a number of input signals. 
Since a virtual ground exists at the or amp input, then 


Be he ee BB aoe ey ate 

pe pe oe 
and : 

= i R R! eee R 

%®= —Ri= (GRatpat +e (16-24) 
If fi = R, = +++ = BR,, then 

R’ 
Vo = age Wiech Beh ss +b og) (16-2b) 


and the output is proportional to the sum of the inputs. 
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Fig. 16-2 Operational adder, or sum- 
ming amplifier. 


Many other methods may, of course, be used to combine signals. The 
present method has the advantage that it may be extended to a very large 
number of inputs requiring only one additional resistor for each additional 
input. The result depends, in the limiting ease of large amplifier gain, only 
on the resistors involved, and because of the virtual ground, there is a minimum 
of interaction between input sources. 


Voltage-to-current Converter Often it is desirable to convert a voltage 
signal to a proportional output current. This is required, for example, when 
we drive a deflection coil in a television tube. If the load impedance has 
neither side grounded (if it is floating), the simple circuit of Fig. 16-2 with R’ 
replaced by the load impedance Zz is an excellent voltage-to-current converter. 
For a single input 71 = »,(f), the current in Z, is 


in = wl (16-3) 
Note that zis independent of the load Z,, because of the virtual ground of the 
operational amplifier input. Since the same current flows through the signal 
source and the load, it is important that the signal source be capable of provid- 
ing this load current. On the other hand, the amplifier of Fig. 16-3a requires 


Fig. 16-3 Voltage-to-current converter for (a) a floating load 
and (b) a grounded load Zz. 
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Fig. 16-4 Current-to-voltage converter, 


=-7 i 
US ie 


very little current from the signal source due to the very large input resistance 
seen by the noninverting terminal. 

Tf the load Z, is grounded, the cireuit of Fig. 16-3b can be used. In 
Prob. 16-7 we show that if Rz Ry = R’,'Ry, then 


in@) = — mo (16-4) 


Current-to-voltage Converter Photocells and photomultiplier tubes give 
an output current which is independent of the load. The circuit in Fig. 16-4 
shows an operational amplifier used as a current-to-voltage converter. Due 
to the virtual ground at the amplifier input, the current in FR, is zero and 
i, flows through the feedback resistor R’. Thus the output voltage v, is 
% = —1,R’. It must be pointed out that the lower limit on current measure- 
ment with this circuit is set by the bias current of the inverting input. It is 
common to parallel &’ with a capacitance C’ to reduce high-frequency noise. 


DC Voltage Follower The simple configuration of Fig. 16-5 approaches 
the ideal voltage follower. Because the two inputs are tied together (virtually), 
then VY, = V, and the output follows the input. The LM 102 (National Semi- 
conductor Corporation) is specifically designed for voltage-follower usage and 
has very high input resistance (10,000 Af), very low input current (~3 nA), 
and very low output resistance (~0 9). 


16-2 DIFFERENTIAL DC AMPLIFIER? 


The differential-input single-ended-output instrumentation amplifier is often 
used to amplify inputs from transducers which convert a physical parameter 
and its variations into an electric signal. Such transducers are strain-gauge 
bridges, thermocouples, ete. The circuit shown in Fig. 16-6 is very simple 


Fig. 16-5 A voltage follower, V, = V. 
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Fig. 16-6 Differential amplifier using one op 
AMP. 


and uses only one op amp. In Prob. 16-8 we show that if R2/Ri = Ri/ Rs, 
then 


R ~ 
Vo= ¥ (V2 — Vi) (16-5) 


If the signals V, and V» have source resistances R,1 and Reo, then these 
resistances add to Ri and Rs, respectively. Note that the signal sources V; 
and V» are each loaded by only a 1-K resistance. If this is too heavy a load 
for the transducer, a voltage follower is used as a buffer amplifier for each 
signal. In other words, the circuit of Fig. 16-5 precedes each input in Fig. 
16-6. This configuration of three IC op aups is a very versatile, high-per- 
formance, low-vost de amplifier system. 


Bridge Amplifier A differential amplifier is often used to amplify the 
output from a transducer bridge, as shown in Fig. 16-7. Nominally, the four 
arms of the bridge have equal resistances R. However, one of the branches 
has a resistance which changes to R + AR with temperature or some other 
physical parameter. The goal of the measurement is to obtain the fractional 
change 6 of the resistance value of the active arm, or 6 = AR/R. 

In Prob. 16-11 we find that for the circuit of Fig. 16-7, the output V, is 
given by 


= BE 6 
eR a Tae (16-6) 
For small changes in R (6 « 1) Eq. (16-6) reduces to 
Vea - Aer (16-7) 


Fig. 16-7 Differential bridge am- 
plifier, 
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16-3 STABLE AC-COUPLED AMPLIFIER 


In some applications the need arises for the amplification of an ae signal, 
while any de signal present must be blocked. A very simple and stable ac 
amplifier is shown in Fig. 16-8a, where capacitor C blocks the de component 
of the input signal and together with the resistor & sets the low-frequency 3-dB 
response for the overall amplifier. 

The output voltage V, as a function of the complex variable s is found 
from the equivalent circuit of Fig. 16-86 (where the double-ended heavy arrow 
represents the virtual ground) to be 


- iz i 
USS GE Seay 
and é 
V. , s 
Bye Ree RO (16-8) 
From Eq. (16-8) we see that the low 3-dB frequency is 
1 
fi = RC (16-9) 


The high-frequency response is determined by the frequency character- 
istics of the operational amplifier Ay and the amount of voltage-shunt feedback 
present (Sec. 14-5). The midband gain is, from Eq. (16-1), Avy = —R'/R. 


AC Voltage Follower The ac voltage follower is used to provide im- 
pedance buffering, that is, to connect a signal source with high internal source 
resistance to a load of low impedance, which may even be capacitive. In 
Fig. 16-9 is shown a practical high-input impedance ac voltage follower using 
the LM 102 operational amplifier. We assume that Ci and C, represent short 
circuits at all frequencies of operation of this circuit. Resistors Ry and Rez are 
used to provide RC coupling and allow a path for the dc input current into the 
noninverting terminal. In the absence of the bootstrapping capacitor C2, the 
ac signal source would see an input resistance of only Ri + R, = 200 K. Since 


Fig. 16-8 (a) AC stable feedback amplifier. (6) Equiva- 
lent circuit when |Ay| = ©. 
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Fig. 16-9 AC voltage follower. (Courtesy C, 


ve 
of National Semiconductor Corporation.) vy, (0.01 nF) 
(100 K) 


(100 K) 


the LM 102 is connected as a voltage follower, the voltage gain Ay between 
the output terminal and the noninverting terminal is very close to unity. 
Thus, from our discussion in Sec. 8-16, the input resistance the source sees 
becomes, approximately, Ry,/(1 — Ary), which is measured to be 12 M at 
100 Hz and increases to 100 Mat 1 kHz. 


16-4 ANALOG INTEGRATION AND DIFFERENTIATION? 


The analog integrator is very useful in many applications which require the 
generation or processing of analog signals. If, in Vig. 16-1, 2 = FR and a 
capacitor C is used for Z’, as in Tig. 16-10, we can show that the circuit per- 
forms the mathematical operation of integration. The input need not be 
sinusoidal, and hence is represented by the lowercase symbol » = v(). (The 
subscript s is now omitted, for simplicity.) In lig. 16-10b, the double-headed 
arrow represents a virtual ground. Hence i = v’R, and 


oe 1 
Ye a ‘i idt -_ | v di (16-10) 


The amplifier therefore provides a output voltage proportional to the integral 
of the input voltage. 

Tf the input voltage is a constant, v = V, then the output will be a ramp, 
vo = —Vt/RC. Such an integrator makes an excellent sweep circuit for a 
cathode-ray-tube oscilloscope, and is called a Afiler integrator, or Aliller sweep.$ 


DC Offset and Bias Current The input stage of the operational amplifier 
used in Fig. 16-10 is usually a pirr amp. The de input offset voltage Vio 
appears across the amplifier input, and this voltage will be integrated and will 
appear at the output as a linearly increasing voltage. Part of the input bias 
current will also flow through the feedback capacitor, charging it and produc- 
ing an additional linearly increasing voltage at the output. These two ramp 
voltages continue to increase until the amplifier reaches its saturation point. 
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eed = Fig. 16-10 (a) Opera- 
4 + tional integrator. (b) 
= 1 Equivalent circuit. 
(b) 


We see then that a limit is set on the feasible integration time by the above 
error components. The effect of the bias current can be minimized by 
increasing the feedback capacitor C while simultaneously decreasing the value 
of F for a given value of the time constant RC. 


Finite Gain and Bandwidth The integrator supplies an output voltage 
proportional to the integral of the input voltage, provided the operational 
amplifier shown in Fig. 16-10a has infinite gain |Ay| > © and infinite band- 
width. The voltage gain as a function of the complex variable s is, from 

V.(s) Z’ 1 


Aah) = Tay | Rs cay) 


and it is clear that the ideal integrator has a pole at the origin. 
Let us assume that in the absence of C the operational amplifier has a 
dominant pole at fi, or s: = —2xf;. Hence its voltage gain A, is approxi- 
mated by 
oe Avs ons. Aas 
"“U+GR'h) s/s 


(16-12) 


If we further assume that R, = 0 in Fig. 15-3, then A, = Ay. Substituting 
Teg. (16-12) in Eq. (15-2) with R; = © and using |Ayv.| > 1, |Ave|RC > 1,'|s1l, 
we find 


$1 1 


Avs RC (s + Avosi(s — 1 ROAy,) 


(16-13) 


where Ay, is a negative number and represents the low-frequency voltage gain 
of the operational amplifier. 

The above transfer function has two poles on the negative real axis as 
compared with one pole at the origin for the ideal integrator. In Fig. 16-11 
we show the Bode plots of Eqs. (16-11) to (16-13). We note that the response 
of the real integrator departs from the ideal at both low and high frequencies. 
At high frequencies the integrator performance is affected by the Gnite band- 
width (—s, 2m) of the operational amplifier, while at low frequencies the 
integration is limited by the finite gain of the op amp. 
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Fig. 16-11 Bode magnitude plots of open-loop op amp gain Ay, 
ideal integrator and real integrator. Note that fi; = 1/2RC|Avol 
and for = Ayosi/2m. 


Practical Circuit A practical integrator must be provided with an external 
cireuit to introduce initial conditions, as shown in Fig. 16-12. When switch 
S is in position 1, the input is zero and capacitor C is charged to the voltage V, 
setting an initial condition of v = V. When switch S is in position 2, the 
amplifier is connected as an integrator and its output will be V plus a con- 
stant times the time integral of the input voltage v. In using this circuit, 
care must be exercised to stabilize the amplifier and R, must be equal to Ri to 
minimize the error due to bias current. 


Ganged switch sections 


Fig. 16-12 Practical integrator cir- 
cuit. For minimum offset error due to 
input bias current it is required that 
Ry, = R2 (Courtesy of National 
Semiconductor Corporation.) 
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Fig. 16-13 Equivalent circuit of the opera- 
tional differentiator. ; 


Differentiator If Z is a capacitor C and if Z’ = R, we see from the 
equivalent circuit of Fig. 16-13 that 7 = C’ dv/dt and 


: dy 
v. = —Rhi = —RC 7 (16-14) 


Hence the output is proportional to the time derivative of the input. If the 
input signal is » = sin wt, then the output will be v= —RCw cos wt. Thus 
the magnitude of the output increases linearly with increasing frequency, and 
the differentiator circuit has high gain at high frequencies. This results in 
amplification of the high-frequency components of amplifier noise, and the 
noise output may completely obscure the differentiated signal. 


The General Case In the important cases considered above, Z and Z’ 
have been simple elements such as a single R or C. In general, they may be 
any series or parallel combinations of R, ZL, or C. Using the methods of 
Laplace transform analysis, Z and Z’ can be written in their operational form 
as Z(s) and Z’(s), where s is the complex-frequency variable. In this notation 
the reactance of an inductor is written formally as Ls and that of a capacitor 
as1/sC. The current I(s) is then V(s)/Z(s), and the output is 


Z'(s) 
Z(s) 


Vo(s) = — V(s) (16-15) 


The amplifier thus solves this operational equation. 


(16-5 ELECTRONIC ANALOG COMPUTATION? 


The op amp is the fundamental building block in an electronic analog computer. 
As an illustration, Jet us consider how to program the differential equation 


d’y dv 

We + Ky "i + Kw —v =0 (16-16) 

where ¥ is a given function of time, and K, and K» are real positive constants. 
We begin by assuming that d’v/dé? is available in the form of a voltage. 

Then, by means of an integrator, a voltage proportional to du/dt is obtained. 

A second integrator gives a voltage proportional to v. Then an adder (and 
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scale changer) gives — Ki(dv,'dt) — Kw + v,. From the differential equation 
(16-16), this equals d?v,‘dt?, and hence the output of this summing amplifier 
is fed to the input terminal, where we had assumed that d?v/dt? was available 
in the first place. 

The procedure outlined above is carried out in Fig. 16-14. The voltage 
d’u/dt? is assumed to be available at an input terminal. The integrator (1) 
has a time constant RC = 1s, and hence its output at terminal 1 is—dv/dt. 
This voltage is fed to a similar integrator (2), and the voltage at terminal 2 is 
+v. The voltage at terminal 1 is fed to the inverter and scale changer (8), 
and its output at terminal 3 is +K,(dv/df). This same operational amplifier 
(3) is used as an adder. Hence, if the given voltage v:(é) is also fed into it as 
shown, the output at terminal 3 also contains the term — 12, or the net output is 
+Kyi(dv/dt) — 1. Scale changer—adder (4) is fed from terminals 2 and 3, and 
hence delivers a resultant voltage —K.v — Ki(dv/dé) + v1 at terminal 4. By 
Eq. (16-16) this must equal d*v/dé?, which is the voltage that was assumed to 
exist at the input terminal. Hence the computer is completed by connecting 
terminal 4 to the input terminal. (This last step is omitted from Fig. 16-14 
for the sake of clarity of explanation.) 

The specified initial conditions (the value of du,’dé and v at ¢ = 0) must 
now be inserted into the computer. We note that the voltages at terminals 1 
and 2 in Vig. 16-14 are proportional to dv/dt and », respectively. Hence 
initial conditions are taken care of (as in Fig. 16-12) by applying the correct 
voltages Vi; and V2 across the capacitors in integrators 1 and 2, respectively. 

The solution is obtained by opening switches S, and S. and simultaneously 


Integrator 
RC=1 


R 
“2 =K. 
R, t 


Fig. 16-14 A block diagram of an electronic analog computer. Att = 0, S, and Se 
are opened and S3 is closed. Each op amp input is as in Fig. 16-12. 
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closing Sz (by means of relays) at ¢ = 0 and observing the waveform at ter- 
minal 2. If the derivative dv/dt is also desired, its waveform is available at 
terminal 1. The indicator may be a cathode-ray tube (with a triggered sweep) 
or a recorder or, for qualitative analysis with slowly varying quantities, a high- 
impedance voltmeter. 

The solution of Eq. (16-16).can also be obtained with a computer which 
contains differentiators instead of integrators. However, integrators are 
almost invariably preferred over differentiators in analog-computer applica- 
tions, for the following reasons: Since the gain of an integrator decreases with 
frequency whereas the gain of a differentiator increases nominally linearly 
with frequency, it is easier to stabilize the former than the latter with respect 
to spurious oscillations. As a result of its limited bandwidth, an integrator is 
less sensitive to noise voltages than a differentiator. Further, if the input 
waveform changes rapidly, the amplifier of a differentiator may overload. 
Finally, as a matter of practice, it is convenient to introduce initial conditions 
in an integrator. 


16-6 ACTIVE FILTERS* 


Consider the ideal low-pass-filter response shown in ig, 16-15a. In this plot 
all signals within the band 0 </f < f, are transmitted without loss, whereas 
inputs with frequencies f > f, give zero output. It is known® that such an 
ideal characteristic is unrealizable with physical elements, and thus it is 


lAy (fl 


' 
t 
1 
\Ay (fl H 
H 
i 
t 
t 
' 


(8) | 
Fig. 16-15 Ideal filter characteristics. 


0 fe t (a) Low-pass, (b) high-pass, and (c) 
bandpass. 
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necessary to approximate it. An approximation for an ideal low-pass filter 
is of the form 


(16-17) 


where P,,(s) is a polynomial in the variable s with zeros in the left-hand plane. 
Active filters permit the realization of arbitrary left-hand poles for Ay(s), 
using the operational amplifier as the active element and only resistors and 
capacitors for the passive elements. 

Since commercially available op amps have unity gain-bandwidth prod- 
ucts as high as 100 MHz, it is possible to design active filters up to frequen- 
cies of several MHz. The limiting factor for full-power response at those 
high frequencies is the slewing rate (Sec. 15-6) of the operational amplifier. 
(Commercial integrated op amps are available with slewing rates as high as 
100 Vv, us.) 


Butterworth Filter? A common approximation of Eq. (16-17) uses the 
Butterworth polynomials B,(s), where 


Avo 


Av(s) = 375 (16-18) 
and with s = jw, ; 
|Av(s)? = |Av(s)| |Ay(—s)| = —A¥e (16-19) 


1 + (w/w) 2" 
From Eqs. (16-18) and (16-19) we note that the magnitude of B,(w) is given by 


o 


Bow) = fi + (2) (16-20) 


The Butterworth response [Eq. (16-19)] for various values of n is plotted in 
Fig, 16-16. Note that the magnitude of Ay is down 3 dB at w = w for all n. 
The larger the value of n, the more closely the curve approximates the ideal 
low-pass response of Fig. 16-15a. 

If we normalize the frequeney by assuming w) = 1 rad/s, then Table 16-1 
gives the Butterworth polynomials for n up to 8. Note that for » even, the 
polynomials are the products of quadratic forms, and for n odd, there is present 
the additional factor s+ 1. The zeros of the normalized Butterworth poly- 
nomials are either —1 or complex conjugate and are found on the so-called 
Butterworth circle of unit radius shown in F, ig. 16-17. The damping factor k 
is defined as one-half the coefficient of s in cach quadratic factor in Table 
16-1. For example, for » = 4, there are two damping factors, namely, 
0.765/2 = 0.3883 and 1.848/2 = 0.924. It turns out (Prob. 16-20) that & is 
given by 

k = cos 0 (16-21) 


where @ is as defined in Fig. 16-17a for n even and Fig. 16-176 for n odd. 
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TABLE 16-1 Normalized Butterworth polynominals 


n Factors of polynomial P,(s) 

1 (+1) 

2 (s? + 1.4145 4+ 1) 

3 (a + 1)(s? +8 +1) 

4 (s? + 0.7653 + 1)(s? + 1.848s + 1) 

5 (s + 1)(s? + 0.6188 + 1) (6? + 1.6188 + 1) 

6 (s? + 0.518s + 1)(s? + 1.4148 + 1)(s? + 1.9328 + 1) 

7 (s + 1)(s? + 0.445s + 1)(s? + 1.2478 + 1)(s? + 1.802s + 1) 

8 (s2 + 0.390s + 1)(s? + 1.111s + 1)(s? + 1.663s + 1)(s? + 1.962s + 1) 


From the table and Eq. (16-18) we see that the typical second-order 
Butterworth filter transfer function is of the form 


Ay(s) 1 
~ Avo (s/o)? + 2k (s/w) + 1 


(16-22) 


where w. = 2nf. is the high-frequency 3-dB point. Similarly, the first-order 
filter is 
Ay(s) = 1 
Avo 8/wo + 1 


(16-23) 


Practical Realization Consider the circuit shown in Fig. 16-18a, where 
the active element is an operational amplifier whose stable midband gain 
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(a) (b) 


Fig. 16-17 The Butterworth circle for (a) n even and (b) 
nodd. Note that for n odd, one of the zeros is ats = —l. 


V/V; = Ave = (Ri + Ry)/R: [Eg. (15-4)] is to be determined. We assume 
that the amplifier input current is zero, and we show in Prob. 16-25 that 
A (s) = VY, = AyoLZ32 4 
< Ve 23(Z1 422+ 23) + Zido + 221 — Aye) 
If this network is to be a low-pass filter, then Z,; and Z» are resistances and 
Z; and Z, are capacitances. Let us assume Zi = Z. = Rand C3; = C, = C; 
as shown in Fig. 16-18b. The transfer function of this network takes the form 


(1/RC)? 


(16-24) 


Ay(s) = Aye 16-25 
ihe) ‘i 24 3 — Aye ae 1\ geen 
i Re /°" \Re 
Comparing Eq. (16-25) with Eq. (16-22), we find 
oe = Fa (16-26) 
and 
2k = 3 — Avo or Avo = 3- 2k (16-27) 


We are now in a position to synthesize even-order Butterworth filters 
by cascading prototypes of the form shown in Fig. 16-18), using identical 
R’s and C’s and selecting the gain Ay, of each operational amplifier to satisfy 
Eq. (16-27) and the damping factors from Table 16-1. 

To realize odd-order filters, it is necessary to cascade the first-order filter 
of Eq. (16-23) with second-order sections such as indicated in Fig. 16-18b. 
The first-order prototype of Fig. 16-18¢ has the transfer function of Eq. 
(16-23) for arbitrary Ay. provided that w is given by Eg. (16-26). For 
example, a third-order Butterworth active filter consists of the circuit in 
Fig. 16-18b in cascade with the circuit of Fig. 16-18c, with R and C chosen so 
that RC = 1/w., with Ay, in Fig. 16-18b selected to give k = 0.5 (Table 16-1, 
n = 3), and Ay, in Fig. 16-18e chosen arbitrarily. 
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(b) (c) 


Fig. 16-18 (a) Generalized active-filter prototype. (b) Second-order Jow- 


pass section. (c) First-order low-pass section. 


EXAMPLE Design a fourth-order Butterworth low-pass filter with a cutoff fre- 


quency of 1 kHz. 
Solution We cascade two second-order prototypes as shown in Fig. 16-19. For 
n = 4 we have from Table 16-1 and Eq. (16-27) 


Ay, = 3— 2k, = 3 — 0.765 = 2.285 


10K 12.35 K 
AI WINS 
, Ry iN 


x 


0.16 0.16 


iiss Le 


0.16 


Fig. 16-19 Fourth-order Butterworth low-pass filter with f, = 1 kHz. 
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and 
Avy. = 3 — 2kp = 3 — 1.848 = 1.152 


From Eq. (15-4), Ay: = (Ri + Ri)/Ry. If we arbitrarily choose &, = 10 K, 
then for Ay, = 2.235, we find Ri = 12.35 K, whereas for Ay; = 1.152, we find 
Ry = 1.520 K and Rp = 10K. To satisfy the cutoff-frequency requirement, we 
have, from Eq, (16-26), fo = 1,/2rRC. We take R = 1 K and find 0 = 0.16 BF. 
Figure 16-19 shows the complete fourth-order low-pass Butterworth filter. 


SS$S¥§SsX 


High-pass Prototype An idealized high-pass-filter characteristic is 
indicated in Fig. 16-15b. The high-pass second-order filter is obtained from the 
low-pass second-order prototype of Eq. (16-22) by applying the transformation 

8 Wo 
ra =e -2 
Wo lowspaaa’ S {high-pass (16 28) 
Thus, interchanging R’s and C’s in Fig. 16-185 results in a second-order 
high-pass active filter. 


Bandpass Filter A second-order bandpass prototype is obtained by 
cascading a low-pass second-order section whose cutoff frequency is fon with a 
high-pass second-order section whose cutoff frequency is for, provided fy > for 
as indicated in Fig. 16-15c. 


Band-reject Filter Figure 16-20 shows that a band-reject filter is obtained 
by paralleling a high-pass section whose cutoff frequency is for With a low-pass 


Aylf! 
Low~pass | 
We : 
Aylft 
| 
High-pass 
f 
l \f 
| poe? | Low~pasa 
Aylf! | ee 
: | Band Summer 
(havi a as oo ' 
f High-pass 
for fu 
(a) (b) 


Fig. 16-20 (a) Ideal band-reject-filter frequency response. (b) Parallel combina- 
tion of low-pass and high-pass filters results in a band-reject filter. 
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Fig. 16-21 A resonant circuit. 


section whose cutoff frequency is fo». Note that for band-reject characteris- 
tics it is required that fou < for. 


16-7 ACTIVE RESONANT BANDPASS FILTERS? 


The idealized bandpass filter of Fig. 16-15c has a constant response for fur < 
f < fon and zero gain outside this range. An infinite number of Butterworth 
sections are required to obtain this filter response. A very simple approxima- 
tion to a narrowband characteristic is obtained using a single LC resonant 
circuit. Such a bandpass filter has a response which peaks at some center 
frequency f, and drops off with frequency on both sides of f,. A basic proto- 
type for a resonant filter is the second-order section shown in Fig. 16-21, whose 
transfer function we now derive. 

If we assume that the amplifier provides a gain A, = V,/V; which is 
positive and constant for all frequencies, we find 


Ay(ju) Ve Fa RA, 
ee YT, (Cie «= Se — Tyee) 


(16-29) 
The center, or resonant, frequency f. = w/2m is defined as that frequency 
at which the inductance resonates with the capacitance; in other words, the 
inductive and capacitive reactances are equal (in magnitude), or 
we? = =a (16-30) 
It is convenient to define the qualziy factor Q of this circuit by 


_ Woly as eee Dy 
Se eR avg (16-31) 


Substituting Eq. (16-31) in Eq. (16-29), we obtain the magnitude and phase 
of the transfer function 


A, 
ee or 
[i+o(2-*)| 


O(w) = —arctan Q ( - “*) (16-33) 


We a 


|Ay(juw)| =. 


(16-32) 
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Fig. 16-22. The bandpass characteristics of a tuned circuit. (a) Amplitude and (b) 


phase response. 


Normalized Eqs. (16-32) and (16-33) are plotted in Vig. 16-22 for different 
values of the parameter Q. 


Geometric Symmetry In the [Ay(jw)| curves of Fig. 16-22 it is seen that, 
for every frequency w’ < w,, there exists a frequency w” > w for which 
|Ay(je)| has the same value. We now show that these frequencies have w. 
as their geometric mean; that is, w.? = w’w’’. 


Setting |Ay(jw’)| = |Av(jw”)|, we obtain 


i at 
os ¢ “) (16-34) 


Ge (3) Qo @ 


where the minus sign is required outside the parentheses because w’ < ws. < w”’. 
From Eq. (16-34) we find 


Wo? = ww" (16-35) 


Bandwidth Let wi < w and w2 > w. be the two frequencies on either 
side of w, for which the gain drops by 3 dB from its value A, at w. Then the 
bandwidth is defined by 


= 2 
a (o: =) (16-36) 


2a ar 
where use is made of Eq. (16-35). The frequency 2 is found by setting 


| Avie | at (16-37) 


2 
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From Eq. (16-32) it follows that 


W2 Wo Q Wo” ae 
Q (2 “:) hey € =) (16-38) 
Comparing Eq. (16-86) with Eq. (16-38), we sce that 
— lw _ fo : 
ar cad | (16-39) 


The bandwidth 1s given by the center frequency divided by Q. 
Substituting Eq. (16-31) in Iq. (16-39), we find an alternative expression 
for B, namely, 


Bes =>F (16-40) 


Active RC Bandpass Filter The general form for the second-order band- 
pass filter is obtained if we let s = jw in Hq. (16-29). 


RA, (RL) Avs 


Av) = BES eo ~ FP aT) + LIC Base 
Substituting Eqs. (16-30) and (16-31) into (16-41) yields 
Ay) = —— Gr ose (16-42) 


8? + (wo/Q)s + wo? 


The transfer function of Eq. (16-42) obtained from the RLC circuit shown in 
Fig. 16-21 can be implemented with the multiple-feedback circuit of Fig. 16-23, 
which uses two capacitors, three resistors, and one op aup, but no inductors. 
If we assume that the op amp voltuge gain is infinite, we show in Prob. 16-29 
that 


V.(s) A 8/ RC, ‘ 
Y, g? ale Cy + C's $ a i Ges) 
RsCiC2 RR3CC2 
where R’ = Ri\|Ro, or 
Rik 1 
2 ee ad 
Pe (16-44) 


Fig. 16-23 An active resonant filter 


without an inductance. 
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Equating the corresponding coefficients in the three transfer functions of Eqs. 
(16-41), (16-42), and (16-43) yields 


wt 8 
Ager ae (16-45 
te £ .o 
aia Oy Et Set 
R'RCiC, = LC = a (16-47) 


Any real positive values for Ri, 2’, Rs, Ci, and C2 which satisfy Eqs. (16-45) 
to (16-47) are acceptable for the design of the active bandpass filter. Since 
we have only three equations for the five parameters, two of these (say, Ci and 
C,) may be chosen arbitrarily. 


EXAMPLE Design a second-order bandpass filter with a midband voltage gain 
A, = 50 (84dB), a center frequency f, = 160 Hz, and a 3-dB bandwidth B = 16 Hz. 


Solution From Eq. (16-39) we see that the required Q = 160/16 = 10. The 
center angular frequency is w, = 2xf, = 24 X 160 = 1,000 rad/s. Assume 
C,=C2=0.1 uF. From Eq. (16-45) 


Q 10 


R, = Q=2K 
A,wC, 50 X 10% x 0.1 X 10-5 
From Eq. (16-46) 
1 
R3 = Q : Q = 200 K 


From Eq. (16-47) 
1 1 
R= = 600 Q 
we*hsC iC, 10° XK 2x 108 x 10-4 
Finally, from Eq. (16-44) 


RR’ 2,000 X 500 
R,— R’ — 2,000 — 500 


Ry = = 667 2 


If the above specifications were to be met with the RLC circuit of Fig. 16-21, 
an unreasonably large value of inductance would be required (Prob. 16-82). 


16-8 DELAY EQUALIZER 


Signals such as digital data pulses transmitted over telephone wires suffer from 
delay distortion, discussed in Sec. 12-2. Forthe compensation of this distortion, 
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(a) (b) 


Fig. 16-24 (a) General form of delay equalizer. (b) Practical equalizer section 
using the uA702. (Courtesy of Fairchild Semiconductor, Inc.) 


corrective networks known as delay equalizers are required. A delay equalizer 
is an all-pass network whose transfer function is of the form 
Vo R—jxX 

Ve R+jX 
We see from Eq. (16-48) that the amplitude of Ay is unity throughout the 
useful frequency range, and the delay D is given br the derivative of the phase 
of Ay with respect to frequency, or 


(16-48) 


Htey 22 + [area = e| (16-49) 


A delay equalizer using an operational amplifier is shown in Fig. 16-24a. The 
transfer function for this configuration is found in Prob. 16-33 to be 


be = Se 
i= Fae ae ee 
For 2, = Z,= R =1K, Zs = Rs, and Z, = jX, Eq. (16-50) becomes 
Ra Te jx 
pepe ei Eat 6- 
Ay Rs + jX (16-51) 


which is the desired all-pass characteristic of the delay equalizer. A practical 
delay equalizer is shown in Fig. 16-245 using the Fairchild wA702 op ame. The 
low offset voltage of this amplifier allows a larger number of sections to be 
directly coupled. This advantage is particularly significant when we consider 
the fact that in many applications eight or more sections in cascade are required 
to compensate for the delay distortion. 


16-9 INTEGRATED CIRCUIT TUNED AMPLIFIER 


The differential amplifier stage in monolithic integrated form (Fig. 16-25) is an 
excellent basie building block for the design of a tuned amplifier (including 
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Fig. 16-25 The MC 1550 inte- 
grated circuit. (Courtesy of 


Moterola Semiconductor Inc.) 


automatic gain control), an amplitude modulator, or a video amplifier. We 
now discuss these applications. 


Operation of a Tuned Amplifier This circuit is designed to amplify a 
signal over a narrow band of frequencies centered at fo. The simplified sche- 
matic diagram shown in Fig. 16-26 is used to explain the operation of this 
circuit. The external Jeads 1, 2, 3, . . . of the IC in this figure correspond 
to those in Fig. 16-25. The input signal is applied through the tuned trans- 


‘Di_l_ 


Fig. 16-26 Tuned amplifier consisting of the Q1-Q3 cascode, with 
the gain controlled by Q2. 
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former Tl to the base of Q1. The load R, is applied across the tuned trans- 
former 72 in the collector circuit of Q3. The amplification is performed by 
the transistors Q1 and Q3, whereas the magnitude of the gain is controlled by 
Q2. The combination of Q1-Q3 acts as — common-emitter common-base 
(CE-CB) pair, known as a cascode combination. In Prob. 8-39 we show that 
the input resistance and the current gain of a cascode circuit are essentially 
the same as those of a CE stage, the output resistance is the same as that of a 
CB stage, and the reverse-open-circuit voltage amplification is given by 
h, = hyehys = 10-7. The extremely small value of h, for the cascode transistor 
pair makes this circuit especially useful in tuned-amplifier design. The reduc- 
tion in the “reverse internal feedback’’ of the compound device simplifies tun- 
ing, reduces the possibility of oscillation, and results in improved stability of 
the amplifier. 

The voltage Vagc applied to the base of Q2 is used to provide automatic 
gain control. From Fig. 15-9 we see that if Vage is at least 120 mV greater 
than Vz, Q3 is cut off and all the current of Q1 flows through Q@2. Since Q3 
is cut off, its transconductance is zero and the gain Ay = V,/V, becomes zero. 
If Vaec is less than Vp by more than 120 mV, Q2 is cut off and the collector 
current of Q1 flows through Q8, increasing the transconductance of Q3 and 
resulting in maximum voltage gain Ay. 

An important advantage of this amplifier is its ability to vary the value 
of Ay by changing Vaec without detuning the input circuit. This follows 
from the fact that variations in Vage cause changes in the division of the 
current between Q2 and Q3 without affecting significantly the collector current 
of M1. Thus the input impedance of @1 remains constant and the input circuit 
is not detuned. 

Biasing of this integrated amplifier is obtained using a technique similar 
to that discussed in Sec. 9-7. The voltage V and resistor R establish the de 
current Jp: through the diode D1. Since the diode and transistor Q1 are on 
the same silicon clip, very close to each other, and with Vp; = Van, the 
collector current Jc: of Q1 is within +5 percent of py. 


y-parameters In the design of tuned amplifiers, it is convenient to 
characterize the amplifiers as a two-port network and measure the y-parameters 
at the frequency of operation. These y-parameters are defined by choosing 
the input and output voltages V; and V» as independent variables and express- 
ing the currents J; and J, in Fig. 16-27a in terms of these two voltages. Thus 


Ly = yuVi + yr (16-52) 
I; 


I 


Yai + yrVe . (16-53) 


where the J’s and V’s represent rms values of the small-signal currents and 
voltages. The circuit model satisfying these equations is indicated in Fig. 
16-276, 
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(a) (b) 


Fig. 16-27. (a) Cascode pair. (b) y-parameter two-port model. 


The y-parameter in Eqs. (16-52) and (16-53) and Fig. 16-27b are complex- 
valued functions of frequency which are defined as follows: 


yu = Gu +7Bu = 7 a ts short-circuit input admittance 

» = 
i qi ee 

yo = G42+ 7B. = 7. hin = short-circuit reverse transfer 
2!¥i=0 admittance 

ya = Ga —jBa = i = short-circuit forward transfer 
1!¥2=0 admittance 

Yoo = Go +7B2 = z peat short-circuit output admittance 
2ivi= 


For a given device, single transistor or cascode pair, these parameters 
may be specified as explicit functions of frequency, or, as is more often the 
case, as graphs of the real and imaginary parts, the conductance G and the 
susceptance B, versus frequency. The data sheet of the MC 1550 gives the 
y-parameters measured on the General Radio 1607A immittance bridge. 
Typical measured values are shown in Fig. 16-28. The internal feedback 
factor y12 is not shown because it was found to be less than 0.001 mA/V (mv) 
and is neglected. 

Let us consider the two-port network of Vig. 16-276 terminated at the 
output by a load admittance Y,x and driven by a current source J, with source 
admittance Y,. The equivalent admittance seen by the current source is 
Yeo = Y. + Y;. In Prob. 16-36 we show that 


qi Y12Y21 
ee -54 
Y V1 Yu Yo + Ye (16-54) 


and the output admittance is 


Te Yr2Yor 
; ; -5é 
M Vo ae yu t+ Y; ae?) 


Since yi2 ~ 0, then Yi ~ yur and Y, = yao. 
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Fig. 16-28 The y-parameters of the MC 1550 for Veo = 6.0 V and Vace = OV as 
functions of frequency. (a) The parameter yi1, (b) the parameter yz, (c) the param- 
eter y22. (Courtesy of Motorola, Inc.) 


The average power P,y delivered by the current source to the two-port 
is the power dissipated in the conductive part of Yq) OF 


Pay = #[Vi)? Re [Yealt (16-56) 


If Re [Y.q] becomes negative at some frequency w1, the network absorbs 
negative power; in other words, power is supplied to the source by the network. 
We note from Eq. (16-54) that if yi. ~ 0 and Re [yu] > 0 and Re [Y,] > 0, 
the circuit cannot oscillate. ; 


t Re [¥Y.q] means the real part of Y.q and V; is the rms value of the input voltage. 
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The current gain A; and voltage gain Ay are found in Prob. 16-37 to be 
given by 


Ls Yr Yr 
Bi wr ee 5 
. I, Yuyro2 — Yroya + Yul ie) 
and 
V2 Y21 
hig See SS . 
v Vi Vn Yr: (16-58) 


A Practical Tuned Amplifier A hybrid monolithic circuit which 
embodies the principles discussed above is indicated in Fig. 16-29. (For the 
moment, assume that the audio generator V, is not present; V, = 0.) The 
shaded block is the MO 1550 IC chip of Fig. 16-25. All other components are 
discrete elements added externally. Resistors R; and R, bias the diode D1 
(and hence determine the collector current of Q1). These resistors also estab- 
lish the bias voltage for Q3. Resistors R; and Ru serve to ‘‘widen” the AGC 
voltage range from 120 mV to approximately 850 mV, thus rendering the AGC 
terminal less susceptible to external noise pickup. 


Vaeo = Veo = 
3.5 V 6.0 V 


Fig. 16-29 A practical 45-MHz tuned amplifier (with 
Va = 0), or an RF modulator if Va #0. (Courtesy of 
Motorola Semiconductor, Inc.) 
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The source Y, is a 45-\[Hz RI’ (radio-frequency) generator whose resis- 
tance is 502, The transformers are wound with No. 32 wire on T12-2 cores; 
T1 with 6:18 turns has a magnetizing inductance Ly = 1.1 wH, and T2 with 
30:3 turns gives Li = 2.5 pH. The variable capacitors in Fig. 16-29 are 
adjusted so as to resonate with these inductors at 45 MHz. 

For maximum power gain through an amplifier the source admittance 
and load admittance must be selected to be the complex conjugates of the 
input admittance Y; ~ yu and of the output admittance VY. * yoo, respec- 
tively. In place of transformers, LC networks may be used to obtain this 
matching. In Fig. 16-30, the input network consisting of Ci, C2, and Ly 
transforms the 50-Q resistance of the source into the complex conjugate of yy. 
The values of C1, Cs, and 1: are calculated using techniques in Ref. 8. The out- 
put network consists of C3, Cu, and 7». and transforms the 50-2 load resistance 
into the complex conjugate of yz. The center frequency for this amplifier is 
60 MHz, the bandwidth is 500 kHz, and the power gain is measured to be 
30 dB. 


Amplitude Modulator The RI carrier signal V, may be varied in 
amplitude by changing the AGC voltage. Hence, if an audio signal V, is 
applied to terminal 10 in Jig. 16-29 so as to modify the AGC voltage, the 
output will be the amplitude-modulated waveform indicated in Tig. 4-27. 

The gain of the Q1-Q3 cascode is proportional to |ysi|, as indicated in 
Eq. (16-58). The parameter yor depends upon the collector current of Q3, 
which can be varied by changing Vagc. igure 16-31 shows the variation of 
lyei| versus Vacc at the frequency of 45 MHz. Irom the curve we see that 
between Vaee = 2.75 V and Vacc = 4.25 V, |yeil is linear with Vagc. By 
biasing the AGC line to 3.5 V (point B on the curve) and impressing an audio 
sinusoidal signal 1, on the base of Q2 (as indicated in Fig, 16-29), [yor] will 
vary sinusoidally. From Eq. (16-58) the gain Ay will also vary sinusoidally 
with the audio signal. Thus the amplifier output will be an amplitude- 
modulated signal. ; 


> 


Ye=9n Yu=ye 
(a) (b) 
Fig. 16-30 Matching networks for maximum power transfer in a 
60-MHz tuned amplifier (a) at the input and (b) at the output. 
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Fig. 16-31 Variation of 

lya| versus Vage at 45 MHz 
for the MC 1550. (Cour- 
tesy of Motorola Semi- 


l¥q,!, MB 


conductor, Inc.) 


6.0 


16-10 A CASCODE VIDEO AMPLIFIER 


A video amplifier, as opposed to a tuned amplifier, must amplify signals over 
a wide band of frequencies, say up to 20 MHz. The MC 1550 can be used 
as a cascode video amplifier (I'ig. 16-32) by avoiding tuned input and output 
circuits. Between pins 1 and 4, 50 @ is inserted in order to properly terminate 
the coaxial cable carrying the video signal. This small resistance has negligible 
effect on the biasing of Q1. The load R, is placed directly in the collector lead 
of Q3. 

The small-signal analysis of this video amplifier can be made using the 
approximate equivalent circuit of Fig. 16-32c. If both transistors Q2 and Q3 
are operating in their active region, the collector of Q1 sees the very small 
input resistance (7ca||?"e3) of two common-base stages in parallel. We can rep- 
resent Qi with its hybrid-I model, and due to the very low load on Q1, we can 
neglect the effect of C,. The video output is taken from the collector of Q3, 
which is operating as a common-base stage. We shall assume that @3 can 
be represented by a current source a3/s, where J; is the emitter signal current 
of Q3 and a; ~ 1 and is independent of frequency over the band of frequencies 
under consideration. C's, represents the capacitance from the collector of Q1 
and Q3 to the substrate (ground). ‘ 

From Jig. 16-32¢ we find (Prob. 16-42) 


Vo 3 Gan I 


Ve e37'bb! 
sta (2 = 0.) (ht : +00.) | a +4C.+01) | 
Thy Tbe Tene Rr 
(16-59) 
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Video 
output 


(c) 


Fig. 16-32 (a) The MC 1550 used as a video amplifier; (b) frequency response for 
three different values of Vacc; (c) approximate small-signal equivalent circuit. 


From Eq. (3-14) the emitter-base-diode incremental resistance Te (ex OF 13) 
is given by r, = nVe/In, where Ix is the quiescent emitter current. 


Ss ese 
EXAMPLE Design a video amplifier, using the circuit of Fig. 16-32 and the 
MC 1550, to provide voltage gain dy = V.,V; = —25 and bandwidth greater 
than 20 MHz when Vago = 0. Assume Veo = 6 V, hye = 50, Te = 50 Q, 
C, = 5 pF, C, = 5 pF, Je, = 1 mA, and fr = 900 MHz. 
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Solution The low-frequency voltage gain V/V; isfound from Eq. (16-59) by letting 
s=0. When Vace = 0, transistor Q2 is cut off and all the collector current of 
Q1 flows through Q@3. Since Iz: = 0, then re = 4Vr, Iz, = © and 


Vr = 52 mV 
Tz 1lmA 


= 522 at 25°C 


From See. 11-2 we obtain 


edt oS 365 ie AY 
on BG. eo 
nasa tae on Gm TBO 
gn 38.5 X 1078 
and 


Gm 38.5 x 10°8 
Qnfr 2X 3.14 X 900 X 10-8 


F = 6.80 pF 


@ 


If we assume as © 1, we find from Eq. (16-59) 


Vo 38.5 X 10-3 1 
V,h=0 52% 50 (2 U)xdx4 
50 1,300) ~ 52°. Ry 
= —37.2 X 10Rr 


Thus 
Ayo = —25 = —37.2 X 1073 X Rx 


or 


25 
Ry = —2 x 10 = 675 0 
* 37.2 


The voltage transfer function of Eq. (16-59) has three poles, and the corre- 
sponding 3-dB frequencies are 


1 1 


fi = = Hz = 23.6 MHz 
QnR(C,+ Cr) , 2X 3.14 x 675 X 10 X 1L0-Y 
1 1 
fo : Hz = 490 MHz 
QnCA(rvellre-) 2X 3.14 X 6.80 X 10“? X 48 
fa : : Hz = 610 MHz 


QaCa(reo|lres) 2X 3.14% 5X 107% X 52 


We conclude that f, is a dominant pole and fa ~ f, = 23.6 MHz. Figure 16-326 
shows measured data for three values of Vace. We sce that, although we used a 
simplified model to analyze the circuit, we obtained excellent agreement with 
experiment. 


ee TnI 
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Hf, NONLINEAR ANALOG SYSTEMS 


16-11 COMPARATORS 


With the exception of amplitude modulation and automatic gain control, all 
the systems discussed thus far in this chapter have operated linearly. The 
remainder of the chapter is concerned with nonlinear op au functions. 

The comparator, introduced in Sec. 4-6, is a cirepit. which compares an 
input signal v;() with a reference voltage pz. When the input v; exceeds Vr, 
the comparator output v, takes on a value which is very different from the 
magnitude of », when v; is smaller than Vp. The virr ave input-output curve 
of Fig. 15-9 approximates this comparator characteristic. Note that the total 
input swing between the two extreme output voltages is ~8Vz7 = 200 mV. 
This range may be reduced considerably by cascading two DIFF amps as in 
Fig. 15-11. This \LC 1530 op ax serves as a comparator if connected open- 
loop, as shown in Fig. 16-33a. The transfer characteristic is given in Fig. 
16-33b, and it is now observed that the change in output state takes place 
with a variation in input of only 2 mV. Note that the input offset voltage 
contributes an error in the point of comparison between 2; and Ve of the order 
of l mV. The reference x may be any voltage, provided that it does not 
exceed the maximum common-mode range. 


(a) (b) 


Fig. 16-33 (a) The MC 1530 operational! amplifier as a comparator. 
(b) The transfer characteristic. 
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(a) 


(e) 


¢ 
os 


Fig. 16-34 A zero-crossing detector converts a sinusoid 9; into a 
square wave ¥. The pulse waveforms v’ and vz result if v, is fed 
into a short time-constant RC circuit in cascade with a diode clipper. 


Zero-crossing Detector If Vz is set equal to zero, the output will respond 
almost discontinuously every time the input passes through zero. Such an 
arrangement is called a zero-crossing detector. 

Some of the most important systems using comparators will now be 
listed. Other applications are discussed in Secs. 16-5 and 17-19. 


Square Waves froma Sine Wave If the input to an op amp comparator 
is a sine wave, the output is a square wave. If a zero-crossing detector is 
used, a symmetrical square wave results, as shown in Fig. 16-34c. This ideal- 
ized waveform has vertical sides which, in reality, should extend over a range 
of a few millivolts of input voltage u. 


Timing-markers Generator from a Sine Wave The square-wave output 
v, of the preceding application is applied to the input of an RC series circuit. 
If the time constant RC is very small compared with the period T of the sine- 
wave input, the voltage v’ across R is a series of positive and negative pulses, 
as indicated in Fig. 16-34d. If v’ is applied to a clipper with an ideal diode 
(Fig. 16-34a), the load voltage »z contains only positive pulses (Fig. 16-34e). 
Thus the sinusoid has been converted into a train of positive pulses whose spac- 
ing is 7. These may be used for timing markers (on the sweep voltage cf a 
cathode-ray tube, for example). 
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Phasemeter The phase angle between two voltages can be measured by 
a method based on the circuit of Fig. 16-34. Both voltages are converted into 
pulses, and the time interval between the pulse of one wave and that obtained 
from the second sine wave is measured. This time interval is proportional to 
the phase difference. Such a phasemeter can measure angles from 0 to 360°. 


Amplitude-distribution Analyzer A comparator is a basic building block 
in a system used to analyze the amplitude distribution of the noise generated 
in an active device or the voltage spectrum of the pulses devcloped by a nuclear- 
radiation detector, ete. To be more specific, suppose that the output of the 
comparator is 10 V if v: > Ve andOVifo; < Ve. Let the input to the com- 
parator be noise. A dc meter is used to measure the average value of the out- 
put square wave. Tor example, if Vp is set at zero, the meter will read 10 V, 
which is interpreted to mean that the probability that the amplitude is greater 
than zero is 100 percent. If Vx is set at some value V® and the meter reads 
7 V, this is interpreted to mean that the probability that the amplitude of the 
noise is greater than Vz is 70 percent, etc. In this way the cumulative ampli- 
tude probability distribution of the noise is obtained by recording meter read- 
ings as a function of Vz.- 


Pulse-time Modulation If a periodic sweep waveform is applied to a 
comparator whose reference voltage V» is not constant but rather is modulated 
by an audio signal, it is possible to obtain a succession of pulses whose relative 
spacing reflects the input information. The result is a téme-modulation system 
of communication. 


16-12 SAMPLE-AND-HOLD CIRCUITS® 


A typical data-acquisition system receives signals from a number of different 
sources and transmits these signals in suitable form to a computer or a commu- 
nication channel. A multiplexer (Sec. 17-5) selects each signal in sequence, 
and then the analog information is converted into a constant voltage over the 
gating-time interval by means of a sample-and-hold circuit, The constant 
output of the sample-and-hold may then be converted to a digital signal 
by means of an analog-to-digital (A/D) converter (Sec. 17-20) for digital 
transmission. 

A sample-and-hold circuit in its simplest form is a switch S in series with 
a capacitor, as in Fig. 16-85a. The voltage across the capacitor tracks the 
input signal during the time 7, when a logic control gate closes S, and holds 
the instantaneous value attained at the end of the interval T, when the control 
gate opens S. The switch may be a relay (for very slow waveforms), a 
sampling diode-bridge gate (Sec. 4-7), a bipolar transistor switch,’ or a 
MOSFET controlled by a gating signal. The MOSFET makes an excellent 
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— v, 


Cc 
ia 
Control gate 


(a) (b) 
Fig. 16-35 Sample-and-hold circuit. (a) Schematic, (b) practical. 


chopper because its offset voliage when on (~5 »V) is much smaller than that 
of a bipolar junction transistor. 

The circuit shown in Fig. 16-350 is one of the simplest practical sample-and- 
hold circuits. A negative pulse at the gate of the p-channel MOSFET will 
turn the switch on, and the holding capacitor C will charge with a time con- 
stant RonC to the instantaneous value of the input voltage. In the absence 
of a negative pulse, the switch is turned orr and the capacitor is isolated from 
any load through the LM 102 op amp. Thus it will hold the voltage impressed 
upon it. It is recommended that a capacitor with polycarbonate, poly- 
ethylene, or Teflon dielectric be used. Most other capacitors do not retain 
the stored voltage, due to a polarization phenomenon! which causes the stored 
voltage to decrease with a time constant of several seconds. Even if the 
polarization phenomenon does not occur, the orF current of the switch (~1 nA) 
and the bias current of the op amp will flow through C. Since the maximum 
input bias current for the LM 102 is 10 nA, it follows that with a 10-~F capaci- 
tance the drift rate during the HoLp period will be less than 1 mV/s. 

Two additional factors influence the operation of the circuit: the reaction 
time, called aperture time (typically less than 100 ns), which is the delay 
between the time that the pulse is applied to the switch and the actual time 
the switch closes, and the acquisition time, which is the time it takes for the 
capacitor to change from oue level of holding voltage to the new value of 
input voltage after the switch has closed. 

‘When the hold capacitor is larger than 0.05 uF, an isolation resistor of 
approximately 10 K should be included between the capacitor and the + input 
of the op amp. This resistor is required to protect the amplifier in case the 
output is short-circuited or the power supplies are abruptly shut down while 
the capacitor is charged. 


16-13 PRECISION AC/DC CONVERTERS!” 


If a sinusoid whose peak value is less than the threshold or cutin voltage V, 
(~0.6 V) is applied to the rectifier circuit of Fig. 4-6, we see that the output 
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oT 
(a) (6) 
Fig. 16-36 (a) A precision diode. (b) A precision clamp. 


is zero for all times. In order to be able to rectify millivolt signals, it is clearly 
necessary to reduce 1’,, By placing the diode in the feedback loop of an 
op amp, the cutin voltage is divided by the open-loop gain Ay of the amplifier. 
Hence V, is virtually eliminated and the diode approaches the ideal rectifying 
component. If in I'ig. 16-36a the input 9; goes positive by at least V,/Ayv, 
then v’ exceeds V, and D conducts. Because of the virtual connection between 
the noninverting and inverting inputs (due to the feedback with D on), ». = 0;. 
Therefore the circuit acts as a voltage follower for positive signals (in excess of 
approximately 0.1 mV). When v; swings negatively, D is orf and no current 
is delivered to the external load except for the small bias current of the LM 
101A. 


Precision Clamp By modifying the circuit of Fig. 16-36a, as indicated 
in lig. 16-36b, an almost ideal clamp (Sec. 4-5) is obtained. If v; < Vx, then 
v’ is positive and D conducts. As explained above, under these conditions 
the output equals the voltage at the noninverting terminal, or », = Vr. If 
o;, > Vr, then o’ is negative, D is orr, and » = 2. In summary: The output 
follows the input for v; > Wr and », is clamped to Vp if v; is less than Ve by 
about 0.1 mV. When D is reverse-biased in Fig. 16-36a or b, a large differen- 
tial voltage may appear between the inputs and the op aur must be able to 
withstand this voltage. Also note that when v, > Ve, the input stage satu- 
rates because the feedback through D is missing. 


Fast Half-wave Rectifier By adding R’ and D2 to Fig. 16-36) and 
setting Vr = 0, we obtain the circuit of Vig. 16-37a. If v; goes negative, D1 
is oN, D2 is ofr, and the circuit behaves as an inverting oP AMP, so that 
Ye = —(R''R)v;. If v; is positive, D1 is orr and D2 is on. Because of the 
feedback through D2, a virtual ground exists at the input and », = 0. If »; 
is a sinusoid, the circuit performs half-wave rectification. Because the ampli- 
fier does not saturate, it can provide rectification at frequencies up to 100 kHz. 

An equivalent alternative configuration to that in Fig. 16-374 is to ground 
the left-hand side of R and to impress v; at the noninverting terminal. The 
half-wave-rectified output now has a peak value of (R + R’), R times the 
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IF 


D2 = 


(a) (b) 


Fig. 16-37 (a) A half-wave rectifier. (b) A low-pass 
filter which can be cascaded with the circuit in (a) to 
obtain an average detector. 


maximum sinusoidal input voltage. A full-wave system is indicated in Prob. 
16-43. 


Active Average Detector Consider the circuit of Tig. 16-37a to be 
cascaded with the low-pass filter of lig. 16-37b. If v; is an amplitude-modu- 
lated carrier (I’ig. 4-27), the RC filter removes the carrier and v’ is proportional 
to the average value of the audio signal. In other words, this configuration 
represents an average detector. 


Active Peak Detector If a capacitor is added at the output of the 
precision diode of Tig. 16-36a, a peak detector results. The capacitor in 
Fig. 16-38a will hold the output at ¢ = ¢’ to the most positive value attained 
by the input »; prior to /’, as indicated in Fig. 16-38. This operation follows 
from the fact that if 1; > v, the op ap output v’ is positive, so that D con- 
ducts. The capacitor is then charged through D (by the output current of the 
amplifier) to the value of the input because the circuit is a voltage follower. 
When 2; falls below the capacitor voltage, the oP Amp output goes negative 


(a) 


Fig. 16-38 (a) A positive peak detector. (6) An arbitrary input 
waveform v; and the corresponding output »,. 
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and the diode becomes reverse-biased. Thus the capacitor gets charged to the 
most positive value of the input. 

This circuit is a special case of a sample-and-hold circuit, and the capacitor 
leakage current considerations given in Sec. 16-12 also apply to this configura- 
tion. If the output is loaded, a buffer voltage follower should be used to pre- 
vent the load from discharging C. To reset the circuit, a low-leakage switch 
such as a MOSFET gate must be placed across the capacitor. 


16-14 LOGARITHMIC AMPLIFIERS 2 


In Fig. 16-39a there is indicated an op aup with the feedback resistor R’ 
replaced by the diode D1. This amplifier is used when it is desired to have 
the output voltage proportional to the logarithm of the input voltage. 

From Eq. (3-9) the volt-ampere diode characteristic is 


Ly = [j(eVVe — 1) wm TeV sl Vr 


provided that Vs/nVr > lor JI,;>>I.. Hence 


Vy = gVrdn J, — In J,) (16-60) 
Since Ir = I, = V,/R due to the virtual ground at the amplifier input, then 
Va Saw, (ne =e lie 1.) (16-61) 


We note from Eq. (16-61) that the output voltage V, is temperature-dependent 
due to the scale factor Vy and to the saturation current Z,. Both temperature 
effects can be reduced by using the circuit of Fig. 16-396, where the diodes D1 
and D2 are matched, Pr is temperature-dependent, and the constant source J 
is independent of T. 


(a) (b) 


Fig. 16-39 (a) Logarithmic amplifier for positive input voltage VY, (b) Tempera- 
ture-compensated amplifier. 
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We have for this circuit, and using Eq. (16-61), 


Vs Vy. 
V=eVantV.=9Vr (in I —I1nJ, —1n PR t+ In i,) = —9Verln RT 
Thus the output voltage V}; becomes 
Rre+ Ri + PR Vv, 
7 
ae A ea LG-62) 


The temperature dependence of Rr is selected to compensate approximately 
for the factor 7Vz in Eq. (16-62). 


Logarithmic Amplifier Using Matched Transistors Instead of two 
matched diodes, it is possible to use a matched pair of transistors connected 
as in Fig. 16-40a to remove from the expression for V; the factor 7, whose 
value normally depends on the current flowing through the diode. In Fig. 
16-40a, Q1 is used as the feedback element around the first op aur. If we 
neglect Veni — Vex2 with respect to Vec, and since Jp. «& Tes, then 

Vec 


ES CG any V; =, Vs 
Te baad Rs . and Toy _ Reake = OR, 


From Eq. (15-21) it follows that 
Vie aiige = Venta Ve lblec= Vel (sr 7) (16-64) 


(16-63) 


Since the base of QI is grounded, the negative of the above voltage appears 
at the noninverting terminal of the second operational amplifier, whose gain 
is determined by resistors R; and Ms. Hence 


Rit Ks), (Vs Kes 
Ry 2hi Vee 


The above transfer function of the amplifier is plotted in Tig. 16-406 for 
various operating temperatures. It is seen that the dynamic range extends 
over 5 m¥ to 50 V of input voltage, or 80 dB. From Eq. (16-65), 


dV ° € Ry + Res 43.8 
= 2, = ‘ 
in VO Ve ( 0.026 X 2.20 


ive Ve (16-65) 


0.52 — 


which is in excellent agreement with the slope obtained from Tig. 16-40b. 


Antilog Amplifier The amplifiers discussed above give an output V. 
proportional to the natural logarithm of the input V., or 


V. = Kiln KiV, (16-66) 


Sometimes we desire an output proportional to the antilogarithm (In~}) 
of the input; that is, 


V, = K; in Ki, (16-67) 
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Fig. 16-40 (a) Logarithmic amplifier. (b) Transfer characteris- 
tic. (Courtesy of Fairchild Semiconductor, Inc.) 


The circuit shown in Vig. 16-41 can be used as an antilog amplifier. If 
we assume infinite input resistance for A, and A» as well as zero differential 
input voltage for each operational amplifier, we obtain 


i 
3+ Vs (16-68) 


and since V2 is the negative of the voltage across D2, 


Vo = =r (In Za — In I,) (16-69) 


Ve = —Vy + Vi = —nVriln Ty — In 7.) 4 
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Fig. 16-41 Antilog amplifier. 


Combining Eqs. (16-68) and (16-69) yields 


I;R' 
Vo 


= Vr In Z =Vrln (16-70) 


because V, = JR’. Finally, from Eq. (16-70) it follows that 


Ry 1 
y,= , fee -V -7 
o R'Ty In 1 1C R2 nV )| (16 1) 


Equation (16-71) is of the form given in Eq. (16-67). 
We show in Prob. 16-45 that it is possible to raise the input VY; to an 
arbitrary power by combining log and antilog amplifiers. 


Logarithmic Multiplier ‘The log and antilog amplifiers can be used for 
the multiplication or division of two analog signals V1 and Vso. In Fig. 16-42 


Fig. 16-42 Logarithmic multiplier of two analog signals (V. = 
KVaiV 52). 
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Fig. 16-43 Variable transconductance multiplier (Vo = KV 1Von), 


the logarithm of each input is taken, then the two logarithms are added, and 
finally the antilog of the sum yields the product of the two inputs. Thus 


Vi = Ki In Var oe Ky In Veo = Ky In VeiVe0 (16-72) 
and 
Wes = Ke In7?! K3V, = Ky Lit (K3Ky In Ver a2) (16-73) 


If K3Ky = ils then 
Vo = KeViiVer (16-74) 


The input signals can be divided if we subtract the logarithm of V,) from 
that of Vo, and then take the antilog. We must point out that the logarithmic 
multiplier or divider is useful for unipolar inputs only. This is often called 
one-quadrant operation. Other techniques" are available for the accurate 
multiplication of two signals. 


Differential Amplifier Multiplier From Eqs. (15-24) and (15-23) we 
observe that the output voltage of a differential amplifier depends on the 
current source J. If V,; is applied to one input and Veo is used to vary I, as 
in Fig. 16-48, the output will be proportional to the product of the two signals 
VsiVe2. The device AD 530 manufactured by Analog Devices, Inc., is a com- 
pletely monolithic multiplier/divider with basic accuracy of 1 percent and 
bandwidth of 1 MHz. Asa multiplier, the AD 530 has the transfer function 
XY/10 and as a divider +10Z7/X. The X, Y, and Z input levels are +10 V 
for multiplication and the output is +10 V at 5 mA. As a divider, operation 
is restricted to two quadrants (where X is negative) only. 
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16-15 WAVEFORM GENERATORS? 


The operational amplifier comparator, together with an integrator, can be 
used to generate a’square wave, a pulse, or a triangle waveform, as we now 
demonstrate. 


Square-wave Generator In Fig. 16-44a, the output », is shunted to 
ground by two Zener diodes connected back to back and is limited to either 
+Vao or —Vay, if V, « Vz (Fig. 4-11). A fraction 8 = R3/(R, + Rs) of the 
output is fed back to the noninverting input terminal. The differential input 
voltage v; is given by 


Vi = Ve — Bo (16-75) 


From the transfer characteristic of the comparator given in Fig. 16-33 we see 
that if v; is positive (by at least 1 mV), then » = —Vz1, whereas if v; is nega- 
tive (by at least 1 mV), then» = 4+Vz:.. Consider an instant of time when 
vi < Oora, < fv, = BVz2. The capacitor C now charges exponentially toward 
Vae through the integrating R’C combination. The output remains constant 
at Vz until », equals +8Vz2, at which time the comparator output reverses to 
—Va. Now » charges exponentially toward —Vz.. The output voltage 
v, and capacitor voltage v, waveforms are shown in Vig. 16-446 for the special 
case Vzi = Vz2 = Vz. If we Jet t = 0 when », = —8Vz for the first half 
cycle, we have 


u(t) = Vall — (1 + Ble Pe] (16-76) 


+BY, 


(a) () 


Fig. 16-44 (a) A square-wave generator. (b) Output and capacitor 
voltage waveforms. 
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Since at¢ = T 2,2,(f) = +8Vz, we find T, solving Eq. (16-76), to be given by 


P= 2R'Cm>+8 (16-77) 
—8sB 
Note that 7 is independent of Vz. 

This square-wave generator is particularly useful in the frequency range 
10 Hz to 10 kHz. At higher frequencies the delay time of the operational 
amplifier as it moves out of saturation, through its linear range, and back to 
saturation in the opposite direction, becomes significant. Also, the slew rate 
of the operational amplifier limits the slope of the output square wave. The 
frequency stability depends mainly upon the Zener-diode stability and the 
capacitor, whereas waveform symmetry depends on the matching of the two 
Zener diodes. If an unsymmetrical square wave is desired, then Vz. ¥ Voge. 

The cireuit will operate in essentially the same manner as described above 
if Ry = 0 and the avalenche diodes are omitted. However, now the amplitude 
of the square wave depends upon the power supply voltage (+5.8 V for the 
MC 1530, using +6 V supplies as in Sec. 15-5). 

The circuit of Tig. 16-44 is called an astable mudtzvibrator because it has 
two quasistable states. The output remains in one of these states for a time 
T, and then abruptly changes to the second state for a time T2, and the cycle 
of period T = T, -+ T2 repeats. 


Pulse Generator A ionostable multivibrator has one stable state and one 
quasistable state. The cireuit remains in its stable state until a triggering 
signal causes a transition to the quasistable state. Then, after a time 7’, the 
circuit returns to its stable state. Hence a single pulse has been generated, 
and the circuit is referred to as a one-shot, 

The square-wave generator of Fig. 16-44 is modified in Tig, 16-45 to 
operate as a monostable multivibrator by adding a diode (D1) clamp across C 
and by introducing a narrow negative triggering pulse through D2 to the non- 
inverting terminal. To see how the circuit operates, assume that it is in its 
stable state with the output at» = +z and the capacitor clamped at 


v= Vy = O07V 


(the on voltage of D1 with @Vz > V1). If the trigger amplitude is greater 
than 6Vz — Vi, then it will cause the comparator to switch to an output 
v, = —Vz. The capacitor will now charge through R’ toward — Vz because 
D1 becomes reverse biased. When v, becomes more negative than —8Vz, the 
comparator output swings back to +Vz. The capacitor now starts charging 
toward + Vz through R’ until », reaches Vj and C becomes clamped again at 
v, = Vi. In Prob. 16-48 we find that the pulse width T is given by 


“1+ (Vi/V2) 
1_ 


T = RC In : (16-78) 
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(a) (b) 


Fig. 16-45 (a) Monostable multivibrator. (b) Output and capacitor voltage 


waveforms, 


If Vz >> Viand R. = R;, so that 6B = 4, then T = 0.692’C. For short pulse 
widths the switching times of the comparator become important and limit the 
operation of the circuit. If &: = 0 and the Zener diodes are omitted, Eq. 
(16-78) remains valid with Vz = Vcc — Verysat (See. 15-5). 


Triangle-wave Generator We observe from Fig. 16-446 that v, has a 
triangular waveshape but that the sides of the triangles are exponentials rather 
than straight lines. To Jinearize the triangles, it is required that C’ be charged 
with a constant current rather than the exponential current supplied through R 
in Fig. 16-44b. In Fig. 16-46 an op amp integrator is used to supply constant 
current to C so that the output is linear. Because of the inversion through the 
integrator, this voltage is fed back to the noninverting terminal of the com- 
parator in this circuit rather than to the inverting terminal as in Fig. 16-44. 

When the comparator has reached either the positive or negative satura- 
tion state, the matched Zener diodes will clamp the voltage V4 at either +Vz 
or —Vz. Let us assume that V4 = +Vzati= 1%. The current flowing into 
the integrator is 


Va 
Began a Sane ie 
tO as Rs eee 
and the integrator output becomes a negative-going ramp, or 
1 fi I+ 
voll) = valle) — % i I* di = volte) —  (t — te) (16-80) 


The voltage at pin 3 of the threshold detector is, using superposition, 


Ope R3Vz (Ri + Re)vo(t) 
3 Ri + Re+ Rs Rit kit Rs 


(16-81) 
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(0.1 pF) 


Integrator 


(a) 


Fig. 16-46 (a) Practical triangle-wave generator. (b) Output waveform. 
(Courtesy of National Semiconductor Corp.) 


When »;(f) goes through zero and becomes negative, the comparator output 
changes to the negative-output state and Va = —Vz. At this time, t = t, 
vs(t1) = 0, or from Eq. (16-81) we find 
fs 
=-y5— > -89 
Vo(t1) renege Vz | , (16-82) 
The current supplied to the integrator for tf) > t > t is 
Ve _ 
Rat Rs 
and the integrator output v(t) becomes a positive-going ramp with the same 
slope as the negative-going ramp. At a time f, when 
_ Bs 
Ri + Re 


the comparator switches again to its positive output and the cycle repeats. 


I- I+ 


Volts) =+ Vz ; (16-83) 
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The frequency of the triangle wave is determined from Eq. (16-80) and 
Fig. (16-46) to be given by 


ae 
I= GR, ROR (16-84) 


The amplitude can be controlled by the ratio RsVz/(Ri + R.). The positive 
and negative peaks are equal if the Zener diodes are matched. It is possible 
to offset the triangle with respect to ground if we connect a de voltage to the 
inverting terminal of the threshold detector or comparator. 

The practical circuit shown in Fig. 16-46 makes use of the LH 101 op aap, 
which is internally compensated for unity-gain feed-back. This monolithic 
integrated op amp has maximum input offset voltage of 5 mV and maximum 
input bias current of 500 nA. For symmetry of operation the current into 
the integrator should be large with respect to Isias, and the peak of the output 
triangle voltage should be large with respect to the input offset voltage. 

The design of monostable and astable generators using discrete com~- 
ponents is considered in detail in Ref. 38, Chap. 11. One shots constructed 
from logic gates are indicated in Prob. 17-57. 


16-16 REGENERATIVE COMPARATOR (SCHMITT TRIGGER)?! 


As indicated in Vig. 16-33, the transfer characteristic of the [C1530 pirr 
amp makes the change in output from —5 V to +5 V for a swing of 2 mV 
in input voltage. Hence the average slope of this curve or the large-signal 
voltage gain Ay is Ay = 10/2 X 107? = 5,000. (The incremental gain at the 
center of the characteristic is calculated in Sec. 15-5 to be 8,670.) By employ- 
ing positive (regenerative) voltage-series feedback, as is done in Figs. 16-44 and 
16-45 for the astable and monostable multivibrators, the gain may be increased 
greatly. Consequently the total output excursion takes place in a time inter- 
val during which the input is changing by much less than 2 mV. Theo- 
retically, if the loop gain —@Ay is adjusted to be unity, then the gain with 
feedback Ay; becomes infinite [Eq. (13-4)]. Such an idealized situation results 
in an abrupt (zero rise time) transition between the extreme values of output 
voltage. If a loop gain in excess of unity is chosen, the output waveform 
continues to be virtually discontinuous at the comparison voltage. However, 
the circuit now exhibits a phenomenon called hysteresis, or backlash, which is 
explained below. 

The regenerative comparator of Fig. 16-47a is commonly referred to as a 
Schmitt trigger (after the inventor of a vacuum-tube version of this circuit). The 
input voltage is applied to the inverting terminal 2 and the feedback voltage 
to the noninverting terminal 1. The feedback factor is 8 = R2/(Ri + R2). 
For R, = 100 0, Ri = 10 K, and Ay = —5,000, the loop gain is 

5,000 


—BAy =0.1X 10.1 = 49.5 > 1 
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Fig. 16-47. (a) A Schmitt 
trigger. The transfer char- 
acteristics for (b) increas- 
ing v; and (c) decreasing 2. 
(d) The compositive input- 
output curve, 


0 U (d) 


Assume that v; < v1, so that » = +V. (+5 V). Then, using superposition, 
we find from Fig. 16-47a that 

River, FeV _,, E 

eS Re Re Apa he "4 D. 


If v; is now increased, then v, remains constant at Vo, and v1 = V; = constant 
untilv; = Vi. At this threshold, critical, or triggering voltage, the output regen- 
eratively switches to » = —V. and remains at this value as long as 7; > V3}. 
This transfer characteristic is indicated in lig. 16-47). 
The voltage at the noninverting terminal for v; > V; is 
RiVer RiV, 
o> RE Rs hehe, = Mo eee) 


For the parameter values given in Fig. 16-47 and with V, = 5 V, 
VY, = 0.99 + 0.05 = 1.04 V 
VY. = 0.99 — 0.05 = 0.94 V 


Note that V2 < V1, and the difference between these two values is called the 
hysteresis V yy. 
2ReV, 
Ve = Vi- Ve 2 


Ri+ Re 
If we now decrease v;, then the output remains at —V, until »; equals 


the voltage at terminal 1 or until v; = V2. At this voltage a regenerative 
transition takes place and, as indicated in Fig. 16-47c, the output returns to 


= 0.10 V (16-87) 
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+YV, almost instantaneously. The complete transfer function is indicated in 
Fig. 16-47c, where the shaded portions may be traversed in either direction, 
but the solid segments can only be obtained if »; varies as indicated by the 
arrows. Note that because of the hysteresis, the circuit triggers at a higher 
voltage for increasing than for decreasing signals. 

We note above that transfer gain increases from 5,000 toward infinity as 
the loop gain increases from zero to unity, and that there is no hysteresis as 
long as —BAy <1. However, adjusting the gain precisely to unity is not 
feasible. The pirr amp parameters and, hence the gain Ay, are variable 
over the signal excursion. Hence an adjustment which ensures that the maxi- 
mum loop gain is unity would result in voltage ranges where this amplification 
is less than unity, with a consequent loss in speed of response of the circuit. 
Furthermore, the circuit may not be stable enough to maintain a loop gain of 
precisely unity for a long period of time without frequent readjustment. In 
practice, therefore, a loop gain in excess of unity is chosen and a small amount 
of hysteresis is tolerated. In most cases a small value of Vy is not a matter 
of concern. In other applications a large backlash range will not allow the 
circuit to function properly. Thus if the peak-to-peak signal were smaller 
than Vz, then the Schmitt circuit, having responded at a threshold voltage 
by a transition in one direction, would never reset itself. In other words, once 
the output has jumped to, say, Vo, it would remain at this level and never 
return to —V,. 

The most important use made of the Schmitt trigger is to convert a very 
slowly varying input voltage into an output having an abrupt (almost dis- 
continuous) waveform, occurring at a precise value of input voltage. This 
regenerative comparator may be used in all the applications listed in Sec. 
16-11. For example, the use of the Schmitt trigger as a squaring circuit is 
illustrated in Fig. 16-48. The input signal is arbitrary except that it has a 
large enough excursion to carry the input beyond the limits of the hysteresis 
range Vy. The output is a square wave as shown, the amplitude of which is 
independent of the peak-to-peak value of the input waveform. The output 
has much faster leading and trailing edges than does the input. 

The design of a Schmitt trigger from discrete components is explained in 
detail in Ref. 3, Secs. 10-11 and 10-13. 


Oo 
Chit: | 


Fig. 16-48 Response of the Schmitt trigger i 
to an arbitrary input signal. 
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16-17 EMITTER-COUPLED LOGIC (ECL) 


The transfer characteristic of the difference amplifier is discussed in Sec. 15-4. 
We find that the emitter current remains essentially constant and that this 
current is switched from one transistor to the other as the signal at the input 
transistor varies from about 0.1 V below to 0.1 V above the reference voltage 
Vaz at the base of the second transistor (Fig. 15-9). Except for a very narrow 
range of input voltage the output voltage takes on only one of two possible 
values and, hence, behaves as a binary circuit. Hence the pirr amr, which 
is considered in detail in this chapter on analog systems, is also important as a 
digital device. A logic family based upon this basic building block is called 
emitter-coupled logic (ECL) or eurrent-mode logic (CML). Since in the pirF 
amp clipper or comparator neither transistor is allowed to go into saturation, 
the ECL is the fastest of all logic families (Table 6-5); a propagation delay 
time as low as 1 ns per gate is possible. The high speed (and high fan out) 
attainable with ECL is offset by the increased power dissipation per gate 
relative to that of the saturating logic families. 

A 2-input or (and also Nor) gate is drawn in Fig. 16-49a. This circuit 
is obtained from Fig. 15-6 by using two transistors in parallel at the input. 
Consider positive logic. If both A and B are low, then neither Q1 nor Q2 
conducts whereas Q3 is in its active region. Under these circumstances Y is 
low and Y’ is high. If either A or B is high, then the emitter current switches 
to the input transistor the base of which is high, and the collector current of 
Q3 drops approximately to zero. Hence Y goes high and Y’ drops in voltage. 
Note that or logic is performed at the output Y and wor logic at Y’, so that 
Y’ = Y. The logic symbol for such an or gate with both true aa false 
outputs is indicated in Fig. 16-49b. The availability of complementary out- 


V, 


S\ A ¥ (OR) 
oy BB a aa ie 


(a) —Veg (b) 


Fig. 16-49 (a) irr amp converted into a 2-input emitter- 
coupled logic circuit. (b) The symbol for a 2-input 
or/Nor gate. 
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—Vpp = ~5.20V 


Fig. 16-50 A 3-input ECL or/Nnor gate, with no de-level shift between input and out- 
put voltages. 


puts is clearly an advantage to the logic design engineer since it avoids the 
necessity of adding gates simply as inverters. : 

One of the difficulties with ECL topology of Tig. 16-49 is that the V(0) 
and V¥(1) levels at the outputs differ from those at the inputs. Hence emitter 
followers Q5 and Q6 are used at the outputs to provide the proper dc-level 
shifts. The basic Motorola ECL 3-input gate is shown in Fig. 16-50. The 
reference voltage — Vaz is obtained from a temperature-compensated network 
(not indicated). The quantitative operation of the gate is given in the follow- 
ing illustrative problem. 


EXAMPLE (a) What are the logic levels at output Y of the ECL gate of Fig. 
16-50? Assume a drop of 0.7 V between base and emitter of a conducting tran- 
sistor. (b) Calculate the noise margins. (c) Verify that a conducting transistor 
is in its active region (not in saturation). (d) Calculate & so that the logic levels 
at Y’ are the complements of those at Y. (e) Find the average power dissipated 
by the gate. 


Solution (a) If all inputs are low, then assume transistors Q1, Q2, and Q3 are 
cut off and Q4 is conducting. The voltage at the common emitter is 


Ve = —1.15 —0.7 = —1.85 V 
The current J in the 1.18-K resistance is 


jis —1.85 + 5.20 = 284 mA 
1.18 
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Neglecting the base current compared with the emitter current, J is the current 
in the 300-Q resistance and the output voltage at Y is 


ty = —0.32 — Vags = —(0.8)(2.84) — 0.7 = —1.55 V = V(0) 


Tf all inputs are at V(0) = —1.55 V and Vz = —1.85 V, then the base-to- 
emitter voltage of an input transistor is 


Vex = —1.55 + 1.85 = 0.30 V 


Since the cutin voltage is Vaz.euin = 0.5 V (Table 5-1), then the input transistors 
are nonconducting, as was assumed above. 

If at least one input is high, then assume that the current in the 1.18-K resis- 
tance is switched to R, and Q4 is cut off. The drop in the 300-2 resistance is 
then zero. Since the base and collector of Q5 are effectively tied together, 
Q5 now behaves as a diode. Assuming 0.7 V across Q5 as a first approximation, 
the diode current is (5.20 — 0.7),1.5 = 3.0 mA. From Fig. 7-19a the diode 
voltage for 3.0 mA is 0.75 V. Hence 


vy = ~0.75 V = VC) 
If one input is at —0.75 V, then Vz = —0.75 — 0.7 = —1.45 V, and 
Vara = —1.15+ 1.45 = 0.30 V 


which verifies the assumption that @4. is cutoff; since Vezeutin = 0.5 V. 

Note that the total output swing between the two logic levels is only 1.55 — 
0.75 = 0.80 V (800 mV). This voltage is much smaller than the value (in excess 
of 4 V) obtained with a DTL or TTL gate. 

(6) If all inputs are at V(O), then the calculation in part (a) shows that an 
input transistor is within 0.50 — 0.30 = 0.20 V of cutin. Hence a positive noise 
spike of 0.20 V will cause the gate to malfunction. 

If one input is at V(1), then we find in part (a) that Vee, = 0.30 V. Hence 
a Negative noise spike at the input of 0.20 V drops Vz by the same amount and 
brings Vaea to 0.5 V, or to the edge of couduction. Note that the noise margins 
are quite small (+200 mV). 

(ec) From part (a) we have that, when Q4 is conducting, its collector voltage 
with respect to ground is the drop in the 300-Q resistance, or Veq = —(0.3) (2.84) = 
—0.85 V. Hence the collector junction voltage is 


Voss = Vea — Vag = —0.85 + 1.15 = +0.30 V 


For an n-p-n transistor this represents a reverse bias, and Q4 must be in its active 


region. 
If any input, say A, is at V(1) = -0.75 V= Va, then Q1 is conducting 
and the output ¥’ = Y = V(O) = —1.55 V. The collector of Q1 is more positive 


than V(0) by Vaz, or 
Ver = —1.55 + 0.7 = —0.85 V 


and 
Vea: = Ver — Var = —0.85 + 0.75 = —0.10 V 
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For an n-p-n transistor this represents a forward bias, but one whose magnitude is 
less than the cutin voltage of 0.5 V. Therefore @1 is noi in saturation; it is in its 
active region. 

(d) If input A is at V(1), then Q1 conducts and Q4 is orr, Then 


Ve= VQ) — Vern = —0.75 —0.7 = -145V 


_VaetVex_ —1.45+5.20 
1.18 1,18 


= 3.17 mA 


In part (c) we find that, if ¥’ = Y, then Ve: = —0.85 V. This value represents 
the drop across R if we neglect the base current of @1. Hence 


rp —°% _o97 K = 2702 
3.17 
This value of R ensures that, if an input is V(1), then Y’ = V(0). If all inputs 
are at V(0) = —1.55 V, then the current through # is zero and the output is 


—0.75 V = V(1), independent of R. 

Note that, if J had remained constant as the input changed state (true 
current-mode switching), then R would be identical to the collector resistance 
(800 2) of Q4. The above calculation shows that # is slightly smaller than this 
value. 

(e) If the input is low, J = 2.84 mA (part a), whereas if the input is high, 
I = 3.17 mA (part d). The average J is $(2.84 + 3.17) = 3.00 mA. Since 
V(0) = —0.75 V and V(1) = —1.55 V, the currents in the two emitter followers 
are 

5.20 — 0.75 _ 2.96 mA iad 5.20 — 1.55 

1.50 1.50 
The total power supply current drain is 3.00 + 2.96 + 2.40 = 8.36 mA and the 
power dissipation is (5.20) (8.36) = 48.5 mW. 


= 2.40 mA 


Note that the current drain from the power supply varies very little as 
the input switches from one state to the other. Hence power line spikes (of 
the type discussed in Sec. 6-12 for TTL gates) are virtually nonexistent. 

The input resistance can be considered infinite if all inputs are low so 
that all input transistors are cut off. If an input is high, then 4 is oFr, 
and the input resistance corresponds to a transistor with an emitter resistor 
R, = 1.18 K, and from Eq. (8-55) a reasonable estimate is Ri ~ 100 K. The 


Fig. 16-51 An implied-or connection at the 
output of two ECL gates. 
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output resistance is that of an emitter-follower (or a diode) and a reasonable 
value is R, + 15 9. 

If the outputs of two or more ECL gates are tied together as in Tig. 16-51, 
then wired-or logic (Sec. 6-10) is obtained (Prob. 16-53), Open-emitter gates 
are available for use in this application. 


Summary The principal characteristics of the ECL gate are summarized 
below: 


Advantages 


1. Since the transistors do not saturate, then the highest speed of any 
logic family is available. 

2. Since the input resistance is very high and the output resistance is very 
low, a large fan out is possible. 
. Complementary outputs are available. 
. Current switching spikes are not present in the power supply leads. 
. Outputs can be tied together to give the implied-or function. 
. There is little degradation of parameters with variations in temperature. 
. The number of functions available is high. 
. Easy data transmission over long distances by means of balanced 
twisted-pair 50-9 lines is possible. '® 


Dr Mor & 


Disadvantages 


1. A small voltage difference (800 mV) exists between the two logic levels 
and the noise margin is only +200 mV. 

2. The power dissipation is high relative to the other logic families. 

3. Level shifters are required for interfacing with other families. 

4. The gate is slowed down by heavy capacitive loading. 
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REVIEW QUESTIONS 


16-1 Indicate an op amp connected as (a) an inverier, (b) a scale changer, (c) a 
phase shifter, and (d) an adder. 

16-2. Draw the circuit of a volfage-to-current converter if the load is (a) floating and 
(6) grounded. 

16-3 Draw the circuit of a current-lo-volfage converter. Jixplain its operation. 

16-4 Draw the circuit of a de vollage follower and explain its operation. 

16-5 Draw the circuit of a de differential amplifier having (a) low input resistance 
and (6) high input resistance. 

16-6 Draw the circuit of an ac voltage follower having very high input resistance. 
Explain its operation. 

16-7 Draw the circuit of an op amp integrator and indicate how to apply the 
initial condition. Explain its operation. 

16-8 Sketch the idealized characteristics for the following filter types: (a) low- 
pass, (b) high-pass, (¢) bandpass, and (d) band-rejection. 

16-9 Draw the prototype for a low-pass active-filter section of (a) first order, (6) 
second order, and (c) third order. 

16-10 (a) Obtain the frequency response of an RLC circuit in terms of w. and Q. 
(b) Verify that the bandwidth is given by f./Q. (c) What is meant by an active 
resonant bandpass filter? 


592 / INTEGRATED ELECTRONICS Sec. 16-17 


16-11 (a) Asignal V, is applied to the inverting terminal (2) of an op amp through 
Z, and to the noninverting terminal (1) through Z:. From (1) to ground is an imped- 
ance Zs, and between (2) and the output is Zs. Derive the expression for the gain. 
(6) How should Z,, Z2, Zs, and Zs be chosen so that the circuit behaves as a delay 
equalizer? 

16-12 (a) Sketch the basic building block for an IC tuned amplifier. (8) 
Explain how automatic gain control (AGC) is obtained. (c) Why does AGC not 
cause detuning? 

16-13. Define the y-parameters (a) by equations and (®) in words. (c) For a 
cascode circuit which y-parameter is negligible? 

16-14 Draw the circuit of an amplitude modulator and explain its operation. 

16-15 (a) Draw the circuit of an IC video amplifier with AGC. (6) Sketch the 
small-signal model. 

16-16 (a) What does an IC comparator consist of? (6) Sketch the transfer 
characteristic and indicate typical voltage values. 

16-17 Sketch the circuit for converting a sinusoid (a) into a square wave and (6) 
into a series of positive pulses, one per cycle. 

16-18 Explain how to measure the phase difference between two sinusoids. 

16-19 Sketch a sample-and-hold circuit and explain its operation. 

16-20 Sketch the circuit of a precision (a) diode and (6) clamp and explain their 
operation. 

16-21 (a) Sketch the circuit of a fast half-wave rectifier and explain its operation. 
(6) How is this circuit converted into an average detector? 

16-22 Sketch the circuit of a peak detector and explain its operation. 

16-23 (a) Sketch the circuit of a logarithmic amplifier using one oP aMP and 
explain its operation. (6) More complicated logarithmic amplifiers are given in Sec. 
16-14, What purpose is served by these cireuits? 

16-24 In schematic form indicate how to multiply two analog voltages with log- 
antilog amplifiers. 

16-25 Explain how to multiply two analog voltages using @ DIFF AMP. 

16-26 (a) Draw the circuit of a square-wave generator using an OP AMP. (b) 
Explain its operation by drawing the capacitor voltage waveform. (c) Derive the 
expression for the period of a symmetrical waveform. 

16-27 (a) Draw the circuit of a pulse generator (a monostable multivibrator) 
using an op amp. (6) Explain its operation by referring to the capacitor waveform. 

16-28 (a) Draw the circuit of a triangle generator using a comparator and an 
integrator. (b) Explain its operation by referring to the output waveform. (ce) What 
is the peak amplitude? 

16-29 (a) Sketch a regenerative comparator system and explain its operation. 
(6) What parameters determine the loop gain? (c) What parameters determine the 
hysteresis? (d) Sketch the transfer characteristic and indicate the hysteresis. 

16-30 (a) Sketch a 2-input or (and also Nor) ECL gate. (6) What parameters 
determine the noise margin? (ce) Why are the two collector resistors unequal? (d) 
Explain why power line spikes are virtually nonexistent. 

16-31 List and discuss at least four advantages and four disadvantages of the 
ECL gate. 


INTEGRATED CIRCUITS AS 
DIGITAL SYSTEM BUILDING 
BLOCKS 


A digital system is constructed from very few types of basic network 
configurations, these elementary types being used over and over again 
in various topological combinations. As emphasized in Sec. 6-9, it is 
possible to perform all logic operations with a single type of circuit 
(for example, a NAND gate). A digital system must store binary num- 
bers in addition to performing logic. To take care of this require- 
ment, a memory cell, called a rurp-FLop, is introduced in this chapter. 

Theoretically, any digital system can be constructed entirely from 
NAND gates and FLIp-FLoPs. Some functions (such as binary addition) 
are present in many systems, and hence the combination of gates 
and/or FLIP-FLOPS required to perform this function is available on 
a single chip. These integrated circuits form the practical (commer- 
cially available) basic building blocks for a digital system. The num- 
ber of such different ICs is not large, and these blocks are discussed in 
this chapter. These chips perform the following functions: binary 
addition, decoding (demultiplexing), data selection (multiplexing), 
counting, storage of binary information (memories and registers), 
digital-to-analog (D/A) and analog-to-digital (A/D) conversion, and 
a few other related operations. These logic building blocks are 
treated as single components. Large-scale integration of MOSFETs 
for the storage and conversion of considerable information is also 
considered. 

The topics in this chapter fall into four major divisions: 


J. Combinational digital systems 
II. Sequential digital systems 
III. MOS/LSI digital systems 
IV. D/A and A/D systems 
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1. COMBINATIONAL DIGITAL SYSTEMS 


17-1 STANDARD GATE ASSEMBLIES! 


Since the fundamental gates are used in large numbers even in a relatively 
simple digital system, they are not packaged individually; rather, several 
gates are constructed within a single chip. The following list of standard 
digital IC gates is typical, but far from exhaustive: 


Quad two-input NAND Quad two-input nor 

Triple three-input NAND Quad two-input anD 

Dual four-input NAND Hex inverter buffer 

Single eight-input NAND Dual two-wide, two-input AOT 


These combinations are available in most logic families (TTL, DTL, ete.) 
listed in Sec. 6-15. The limitation on the number of gates per chip is usually 
set by the number of pins available. The most common packages are the 
flat pack and the dual-in-line (plastic package, type N, or ceramic package, 
type J), each of which has fourteen leads, seven brought out to each side of 
the IC. The dimensions of the assembly, which is much larger than the chip 
size, are approximately 0.8 by 0.3 by 0.2in. A schematie of the triple three- 
input NAND is shown in Fig. 17-le. Note that there are 3 X 3 = 9 input 
leads, 3 output leads, a power-supply lead, and a ground lead; a total of 
14 leads are used. 

In Fig. 17-16 is indicated the dual two-wide, two-input AOI (See. 6-13). 
This combination needs 4 input leads and 1 output lead per AOI, or 10 for 
the dual array. If 1 power-supply lead and 1 ground lead are added, we see 
that 12 of the 14 available pins are used. 


Fig. 17-1 The lead connections (top view) of (a) the TI 7410 
triple three-input Nano and (b) the TI 7451 dual two-wide, two- 
input AO! gate. 
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Fig, 17-2. The circuit configuration for a TTL anb-or-mnverT 


gate. 


The circuit diagram for this AOI gate is given in Fig. 17-2, implemented 
in TTL logic. The operation of this network should be clear from the dis- 
cussion in Chap. 6. Thus Q1 and the input to Q2 (corresponding to the 
similarly numbered transistors of Fig. 6-27) constitute an anp gate. The 
identical arrangement of Q5 and Q6 constitutes a second anp gate. Since 
the collectors of Q2 and Q6 are tied together at P, the output at this node 
corresponds to either the inputs @) and @ or @and©®,. Also, because of the 
inversion through a transistor, the NoT operation is performed at P. The 
result is AND-OR-INVERT (AOI) logic (AB+ CD). Finally, note that Q3, DO, 
and Q4 are the totem-pole output stage of Fig. 6-28. 

An alternative way of analyzing the circuit of Fig. 17-2 is to consider Q1 
and Q2 (with the output at P) to constitute a NaNp circuit. Similarly, Q5 
and Q6 form a second NAND gate. The outputs of these two NAND configu- 
rations are shorted together by the lead connecting the collectors of Q2 and Q6 
to form a wired-Anp (Sec. 6-18). Hence the output at P is, using De Morgan’s 
law Eq. (6-27) 


(AB)(CD) = AB+CD 


which confirms that AOI logic is performed. 

Some of the more complicated functions to be described in this chapter 
require in excess of 14 pins, and these ICs are packaged with either 16 or 
24 leads. The latter has the dimensions 1.3 by 0.6 by 0.2 in. 

The standard combinations considered in this section are examples of 
small-scale integration (SSI). Less than about 12 gates on a chip is con- 
sidered SSI. The riip-rLops discussed in Sec. 17-9 are also SSI packages. 
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Most other functions (using BJTs) discussed in this chapter are examples of 
medium-scale integraion (\ISI), defined to have more than 12, but less than 
100, gates per chip. The BJT memories of See. 17-1§ and the MOSFET 
arrays of Sec. 17-17 may contain in excess of 100 gates and are defined as 
large-scale integration. (LSI) (Sec. 7-12). 


17-2 BINARY ADDERS? 


A digital computer must obviously contain circuits which will perform arith- 
metic operations, i.e., addition, subtraction, multiplication, and division. The 
basic operations are addition and subtraction, since multiplication is essen- 
tially repeated addition, and division is essentially repeated subtraction. It is 
entirely possible to build a computer in which an adder is the only arith- 
metic unit present. [ultiplication, for example, may then be performed by 
programming; i.e., the computer may be given instructions telling it how to 
use the adder repeatedly to find the product of two numbers. 

Suppose we wish to sum two numbers in decimal arithmetic and obtain, 
say, the hundreds digit. We must add together not only the hundreds digit 
of each number but also a carry from the tens digit (if one exists). Similarly, 
in binary arithmetic we must add not only the digit of like significance of the 
taro numbers to be summed, but also the carry bit (sh,uld one be present) 
of the next lower significant digit. This operation may be carried out in two 
steps: first, add the two bits corresponding to the 2" digit, and then add the 
resultant to the carry from the 2"~' digit. A two-input adder is called a half 
adder, because to complete an addition requires two such half adders. 

We shall first show how a half adder is constructed from the basic logic 
gates and then indicate how the full, or complete, adder is assembled. A half 
adder has two inputs—A and B—representing the bits to be added, and two 
outputs—D (for the digit of the same significance as A and B represent) and 
C (for the carry bit). 


Half Adder The symbol for a half adder is given in Fig. 17-3a, and the 
truth table in Fig. 17-8b. Note that the D column gives the sum of A and B 
as long as the sum can be represented by a single digit. When, however, 
the sum is larger than can be represented by a single digit, then D gives the 
digit in the result which is of the same significance as the individual digits 
being added. Thus, in the first three rows of the truth table, D gives the 
sum of A and B directly. Since the decimal equation “1 plus 1 equals 2” is 
written in binary form as “01 plus 01 equals 10,” then in the last row D = 0. 
Because a 1 must now be carried to the place of next higher significance, C = 1. 

Irom Fig. 17-36 we see that D obeys the mxcuusive-or function and C 
follows the logie of an ANp gate. These functions are indicated in Vig. 17-3e, 
and may be implemented in many different ways with the circuitry discussed 
in Chap. 6. Yor example, the excLusIvE-or gate can be constructed with 
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A B Input Output A 
; Sum D= BA+ AB 
B 
HA 
C= AB 
c D 


(a) (bd) (c) 


Fig. 17-3 (a) The symbol for a half adder; (b) the truth table for the 
digit D and the carry C; (c) the implementation for D with an exciu- 
siveor gate and for C with an anp gate. 


any of the four topologies of See. 6-8 and in any of the logic families in Table 
6-5. The configuration in Fig. 6-15) (Y = AB + BA) is implemented in 
TTL logic with the AOI circuit of Tig. 17-2. The inverter for B (or A) is a 
single-input NAND gate. Since Y has an Anp-or (rather than an AND-OR- 
INVERT) topology, a transistor inverter is placed between node P and the 
base of Q4 of Fig. 17-2. 


Parallel Operation Two multidigit numbers may be added serially (one 
column at a time) or in parallel (all columns simultaneously). Consider par- _ 
allel operation first. Tor an N-digit binary number there are (in addition to 
a common ground) N signal leads in the computer for each number. The mth 
line for number A (or B) is excited by A, (or B,), the bit for the 2” digit 
(n=0,1,...,N-— 1). A parallel binary adder is indicated in Vig. 17-4. 
Each digit except the least-significant one (2°) requires a complete adder con- 
sisting of two half adders in cascade. The sum digit for the 2° bit is Sp = Do 


n=2 
A, B, 
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}<——Full adder (2) ——>i<—— Full adder (2) ——> Half adder (2°) > 


Fig. 17-4 A parallel binary adder consisting of half adders. 
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An, BnCn-1 A3B3C2 Ag B,C; A, ByCy Ao Boy 


C3 Sy Ce Sy CQ Sy Cy Sp 
(2") (2°) (2?) (2) (2°) 
(a) (b) 


Fig. 17-5 (a) The symbol for a full adder. (b) A 4-bit parallel 
binary adder constructed from cascaded full adders. 


of a half adder because there is no carry to be added to Ay plus By. The sum 
S, (n # 0) of A, plus B, is made in two steps. Jfirst the digit D, is obtained 
from one half adder, and then D, is summed with the carry C1 which may 
have resulted from the next lower place. As an example, consider » = 2 in 
Fig. 17-4. .There the earry bit C, may be the result of the direct sum of A, 
plus B, if each of these is 1. This first carry is called Cy; in Fig. 17-4. A 
second possibility is that 4, = 1 and By = 0 (or vice versa), so that D, = 1, 
but that there is a carry Cy from the next lower significant bit, The sum of 
D, = 1 and Co = 1 gives rise to the carry bit designated Ci.. It should be 
clear that Cy, and Ci. cannot both be 1, although they will both be 0 if A, =0 
and B, = 0. Since either C1: or C12 must be transmitted to the next stage, an 
or gate must be interposed between stages, as indicated in Fig. 17-4. 


Full Adder In integrated circuit implementation, addition is performed 
using a complete adder, which (for reasons of economy of components) is not 
constructed from two half adders. The symbol for the nth full adder (FA) 
is indicated in Fig. 17-54. The circuit has three inputs: the addend 4,, the 
augend B,, and the input carry C,_1 (from the next lower bit). The outputs 
are the sum S, (sometimes designated z,) and the output carry C,. A par- 
allel 4-bit adder is indicated in Fig. 17-56. Since FAO represents the least 
significant bit (LSB), it has no input carry; there is no preceding stage. 

The circuitry within the block FA may be determined from Fig. 17-6a, 
which is the truth table for adding 3 binary bits. From this table we can 
verify that the Boolean expressions for S, and C, are given by 


Sn = A,BCua + A,BiOn1 + A,BrCna + ApByCo—1 (17-1) 
Cn = AnBuCn-1 + AnBrCn-t + AnBrOna + AnBrCn-1 (17-2) 


Note that the first term of S, corresponds to line 1 of the table, the second 
term to line 2, the third term to line 4, and the last term to line 7. (These 
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| Inputs Outputs 
Line| An Bn Cn-3| Sn Cn 
0 0 


Fig. 17-6 Truth table for a three-input adder. 


AMMA ONE O 
PrRHrHROooOS 
rPorOrRORF 

rFOOrRrOrRFHS 
PRRrROrHFOcSA 


are the only rows where S, = 1.) Similarly, the first term of C,, corresponds 
to the line 3 (where C, = 1), the second term to the line 5, ete. 

The anp operation ABC is sometimes called the product of A and Band C. 
Also, the or operation + is referred to as summation. Hence expressions such 
as those in Eqs. (17-1) and (17-2) represent a Boolean sum of products. Such 
an equation is said to be in a standard, or canonical, form, and each term in 
the equation is called a minterm. A minterm contains the product of all 
Boolean variables, or their complements. 

The expression for C,, can be simplified considerably as follows: Since 
Y+Y+/Y = ¥Y, then Eq. (17-2), with Y = A,B,Ci, becomes 


Cx = (A,B,Cr1 + AnB,Cn-) + (A, BnCn-1 + A,B,Cn_1) 
+ (ApBiOe ace ApB Cy: 17) 


Since X¥ + X = 1 where X = A, for the first parentheses, X = B, for the 
second parentheses, and X = C,_1 for the third parentheses, then Eq. (17-3) 
reduces to 


Ca = BiCn-1 + CrAn = A,Bn (17-4) 


This expression could have been written down directly from the truth table of 
Fig. 17-6 by noting that C, = 1 if and only if at least two out of the three 
inputs is 1. 

It is interesting to note that if all 1s are changed to Os and all 0s to 1s, 
then lines 0 and 7 are interchanged, as are 1 and 6, 2 and 5, and also 3 and 4. 
Because this switching of 1s and Os leaves the truth table unchanged, what- 
ever logic is represented by ig. 17-6 is equally valid if all inputs and outputs 
are complemented. Therefore Eq. (17-4) is true if all variables are negated, or 


C3 = B,Cr-1 + Cn-aAn + A,B, (17-5) 


This same result is obtained (Prob. 17-5) by Boolean manipulation of Eq. 
(17-4). 

By evaluating D, = (A, + B, + C,1)€, and comparing the result with 
Eq. (17-1), we find that 8, = D, + A,BaC-1, or 


S, = An€n + BaOn + Cni@n + AnBrCa-1 (17-6) 
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Equations (17-4) and (17-6) are implemented in Fig. 17-7 using AOI gates of 
the type shown in Fig. 17-2. 


MS! Adders There are commercially available 1-bit, 2-bit, and 4-bit 
full adders, each in one package. In Fig. 17-8 is indicated the logie topology 
for 2-bit addition. The inputs to the first stage are A, and Aj; the input 
marked C_; is grounded. The output is the sum Sy. The carry Cy is con- 
nected internally and is not brought to an output pin. This 2° stage (LSB) 
is identical with that in Tig. 17-7 with n = 0. The abbreviation LSB means 
least significant bit, as indicated in Tig. 17-8. 

Since the carry from the first stage is Co, it should be negated before it 
is fed to the 2! stage. However, the delay introduced by this inversion is 
undesirable, because the limitation upon the maximum speed of operation is 
the propagation delay (Sec. 6-15) of the carry through all the bits in the adder. 
The nor-gate delay is eliminated completely in the earry by connecting Cy 
directly to the following stage and by complementing the inputs A; and B, 
before feeding these to this stage. This latter method is used in Fig. 17-8. 
Note that now the outputs 8; and C, are obtained directly without requiring 
inverters. The logic followed by this second stage for the carry is given by 
Eq. (17-5), and for the sum by the modified form of Eq. (17-6), where each 
symbol is replaced by its complement. 

In a 4-bit adder C, is not brought out but is internally connected to the 
third stage, which is identical with the first stage. Similarly, the fourth and 


Fig. 17-7 Block-diagram imple- 
mentation of the nth stage of a full 
adder. 
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Ay By C_y 


bee 
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|= ee 


(2) (2°) 
Fig. 17-8 Logic diagram of an integrated 2-bit full adder (Tl 7482). 


second stages have identical logic topologies. A 4-bit adder requires a 16-pin 
package: 8 inputs, 4 sum outputs, a carry output, a carry input, the power- 
supply input, and ground. The carry input is needed only if two arithmetic 
units are cascaded; for example, cascading a 2-bit with a 4-bit adder gives the 
sum of two 6-bit numbers. If the 2-bit unit is used for the 24 and 2° digits, 
then 4 must be added to all the subscripts in Fig. 17-8. For example, C_: is 
now called C3 and is obtained from the output carry of the 4-bit adder. 

The MSI chip (TI 74L8831) for a 4-bit binary full adder contains some- 
what over 200 components (resistors, diodes, or transistors). For high-speed, 


t The specific designations given in this chapter refer to Texas Instrument units.t 
However, equivalent units are available from other vendors, such as Fairchild Semicon- 
ductor, Motorola, Inc., National Semiconductor, RCA, Signetics, etc. 
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LSB LSB 


2° 2) 2? 2 ae Binary] Decimal 


(a) [| | = o1101=13 = B 
(b) [] | =O11L=11=A 


be T-> 


{e) | | | = 11000 = 24 = Sum 
(d) | = 00010 = 2 = Difference 


Time — 
Fig. 17-9 (a,b) Pulse waveforms representing numbers B 


and 4; (c,d) waveforms representing sum and difference. 
(LSB = least significant bit.) 


low-power operation, Schottky transistors and diodes (Sec. 7-13) are used in 
each AOI block of Fig. 17-2, and each gate output contains a Darlington pair 
(Fig. 6-28¢). The nor cireuit for So is simply a transistor inverter placed 
between node P and the base of Q4 of Fig. 17-2. The not circuit for invert- 
ing A; (or B,) is a single-input NAND gate. The propagation delay time of 
the carry from C> to Cy is typically 50 ns, and the power dissipation is 75 mW. 


Serial Operation In a serial adder the inputs A and B are synchronous 
pulse trains on two lines in the computer. Figure 17-9a and b shows typical 
pulse trains representing, respectively, the decimal numbers 13 and 11. Pulse 
trains representing the sum (24) and difference (2) are shown in Fig. 17-9¢ and 
d, respectively. A serial adder is a device which will take as inputs the two 
waveforms of I’ig. 17-9a and b and deliver the output waveform in Fig. 17-9e. 
Similarly, a subtractor (Sec. 17-3) will yield the output shown in Fig. 17-9d. 

We have already emphasized that the sum of two multidigit numbers 
may be formed by adding to the sum of the digits of like significance the carry 
(Gif any) which may have resulted from the next lower place. With respect to 
the pulse trains of Fig. 17-9, the above statement is equivalent to saying that, 
at any instant of time, we must add (in binary form) to the pulses A and B 
the carry pulse (if any) which comes from the resultant formed one period f 
earlier. The logic outlined above is performed by the full-adder circuit of 
Fig. 17-10. This circuit differs from the configuration in the parallel adder 
of Fig. 17-5 by the inclusion of atime delay TD which is equal to the time T 
between pulses. Hence the carry pulse is delayed a time 7 and added to the 
digit pulses in A and B, exactly as it should be, 

A comparison of Figs. 17-5 and 17-10 indicates that parallel addition is 
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A, B, C,-1 
le) Oo 


Fig. 17-10 A serial binary full adder. 


faster than serial because all digits are added simultaneously in the former, 
but in sequence in the latter. However, whereas only one full adder is needed 
for serial arithmetic, we must use a full adder for each bit in parallel addition. 
Hence parallel addition is much more expensive than serial operation. 

The time delay unit TD is a type D ruip-FLop, and the serial numbers 
A,, Bn, and S, are stored in shift registers (Secs. 17-10 and 17-11). 


17-3 ARITHMETIC FUNCTIONS 


In this section other arithmetic units besides the adder are discussed. These 
include the subtractor, the digital comparator, the parity checker, etc. 


True,Complement, Zero ‘One Element It is sometimes required to select 
either a bit A or its comp'ement A by means of control signals. It may also 
be desired to obtain an output which is either 0 or 1, independently of the 
value of A. To take care of these four possibilities requires a 2-bit signal, or 
code. In Fig. 17-11a the control code is applied to lines L and AZ. It is not 
difficult to verify (Prob. 17-5) that this logic block diagram satisfies the truth 
table in Fig. 17-11b. An AISI chip with four such networks is available in a 
single package (TI 74H87). 


Ao 
toro Y 
M 


(a) (a) 


Fig. 17-11 (a) A 1-bit true’complement, zero/one logic diagram. 
-(b) The truth table. 
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Binary Subtraction? The process of subtraction (B minus A) is equiv- 
alent to addition if the complement A of the subtrahend is used. To justify 
this statement consider the following argument (applied specifically to a 4-bit 
number). The nor function changes a 1 to a0, and vice versa. Thereforet 


A plus A = 1111 


set A plus 4 plus 1 = 1111 plus 0001 = 10000 
so that 

A = 10000 minus 4 minus 1 
Finally, 


B minus 4 = (B plus 4 plus 1) minus 10000 (17-7) 


This equation indicates that to subtract a 4-bit number A from a 4-bit number 
B it is only required to add B, A, and 1 (a 2°bit). The operation B minus A 
must yield a 4-bit answer. The term ‘‘minus 10000” in Eq. (17-7) infers that 
the addition (B plus A plus 1) results in a fifth bit, which must be ignored. 


ee 
EXAMPLE Verify Eq. (17-7) for B = 1100 and A = 1001 (decimal 12 and 9). 


Solution 
B plus A plus 1 = 1100 plus 0110 plus 0001 = 10011 


The four (less significant) bits 0011 represent decimal 3 and the fifth bit 1 is a 
generated carry. Since, in decimal notation, B minus A = 12 — 9 = 8, then the 
correct answer is obtained by evaluating the sum in the parenthesis of Eq. (17-7), 
provided that the carry is ignored. 

——. 


In Eq. (17-7) the 1 in 10000 is the output carry C; = 1 from the 4-bit 
adder, and may be used to supply the 1 which must be added to 4. This 
bit is called the end-around carry (EAC) because this carry out is fed back to the 
carry input C_, (Fig. 17-8) of the least significant bit of A. This process of 
subtraction by means of an adder is indicated schematically in Fig, 17-12a. 
A more detailed diagram of an adder-subtractor is given in Fig. 17-12b. The 
true/complemend unit determines whether addition or subtraction is performed; 
if M = 0, the system subtracts, because the input A is complemented (Fig. 
17-116), whereas if M = 1, the system adds. If addition is to be carried out, 
the EAC loop must be agened. and this logic is accomplished with the AnD 
circuit whose inputs are C; and M7. 

The 1s complement method of subtraction just described is valid only if 
B is greater than A, so that a positive difference results and a carry is generated 


t To avoid confusion with the or operation, the word plus (minus) is used in place of 
+ (—) in the following equations. 
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Adder/Subtractor 


unit 
B3B,B,B, AgA,A\Ao 
Cs TI 7483 C_i\< 
5S; S, S, S 
M C3 
= (EAC) 
M 
(a) (b) 


Fig. 17-12 (a) A simplified sketch of a 4-bit adder used as a subtrac- 
tor. (6) More detailed block diagram of a system which adds if 
Jf = 1 and subtracts if AZ = 0. 


from (B plus A plus 1). If B is less than A, then the most significant bit 
(MISB) of B (which differs from the corresponding bit of A) is 0 and that of A 
is1. Since 4 = 0, the ISB of (B plus A) is0. Hence no earry results from 
the sum (B plus 4 plus 0001), and the method indicated in Fig. 17-12 must be 
modified. We now demonstrate that if no carry results in the system of 
Vig. 17-12, the correct answer for B minus A is negative, and is obtained by 
complementing the sum digits S,, 8,, S2, and 83. From Eq. (17-7) 


B minus A = (B plus 4) minus 1111 
= minus [1111 minus (B plus A)] 
minus (B plus A) (17-8) 


ll 


because 1111 minus a 4-bit binary number is the complement of the number. 
In summary: The circuit of Fig. 17-126 with M7 = 0 can be used for both 
positive and negative differences. If a carry results, then (B minus A) is 
positive and is given by the S bits. However, if no carry is obtained, then 
(B minus A) is negative and is given by the complement of the S bits. 

Other systems of addition and subtraction (2s complement, binary-coded- 
decimal, etc.) are described in Ref. 1. 


Digital Comparator It is sometimes necessary to know whether a binary 
number A is greater than, equal to, or less than another number B. The 
system for making this determination is called a magnitude digital (or binary) 
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comparator. Consider single bit numbers first. As mentioned in Sec. 6-7, the 
EXCLUSIVE-NOR gate is an equality detector because 


a i ASB 
E=AB+AB= 0 AB (17-9) 
The condition A > B is given by 
C= AB (17-10) 


because if A > B, then A = 1 and B =0, so that C = 1. On the other 
hand, if A = Bor A < B(A =0, B = 1), then C = 0. 
Similarly, the restriction A < B is determined from 


D=AB (17-11) 


The logic block diagram for the nth bit drawn in Fig. 17-13 has all three 
desired outputs C,, Dn, and Z,. It consists of two inverters, two AND gates, 
and the AOI circuit of Fig. 17-2. Alternatively, Fig. 17-13 may be considered 
to consist of an EXCLUSIVE-NoR and two AND gates. (Note that the outputs 
of the anp gates in the AOI block of Fig. 17-2 are not available, and hence 
additional anp gates must be fabricated to give C, and D,.) 

Consider now a 4-bit comparator. A = B requires that 


A3 = B3 and Ag = By and Ay = By and Ao = Bo 
Hence the anp gate # in Fig. 17-14 described by 
E = BEBE (17-12) 


imples A = Bif#H =1and A ¥ Bif HE =0. (Assume that the input Z” is 
held high; £’ = 1.) 


LS re Se en, ee ee 
Lxclusive-NOR 


Fig. 17-13 A 1-bit digital comparator. 
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The inequality A > B requires that 
A; > Bs (MSB) 


or 

As = B; and Ag > By 
or 

A; = B; and A, = By and A,> B, 
or 


A; = B; and A, = By and A,=B8, and Ay > By 
The above conditions are satisfied by the Boolean expression 
c = A3B; + E3A.Bo + EByBeAiB, -- E3HoE,AoBo (17-18) 


if and only if C = 1. The anp-or gate for C is indicated in Fig. 17-14. 
(Assume that C’ = 0.) 

The condition that A < B is obtained from Eq. (17-13) by interchanging 
Aand B. Thus 


D = A;B; + E:42B2 + Byl2A,By + E3E2E,A Bo (17-14) 


implies that A < B if and only if D= 1. This portion of the system is 
obtained from Tig. 17-14 by changing A to B, B to A, and C to D. Alter- 
natively, D may be obtained from D = EC because, if A ~ B (E = 0) and 
if A > B(C = 0), then A < B(D=1). However, this implementation for 
D introduces the additional propagation delay of an inverter and an anp gate. 
Hence the logic indicated in Eq. (17-14) for D is fabricated on the same chip 
as that for C in Eq. (17-18) and £ in Eq. (17-12). 

The TI 54L85 is an AISI package which performs 4-bit-magnitude com- 
parison. If numbers of greater length are to be compared, several such units 
can be cascaded. Consider an S-bit comparator. Designate the A = B out- 
put terminal of the stage handling the less significant bits by #,, the A > B 
output terminal of this stage by Cz, and the A < B output by D,;. Then 
the connections &’ = Hz, C’ = Cz, and D' = Dy, (Vig. 17-14) must be made 
to the stage with the more significant bits (Prob. 17-7). Tor the stage han- 
dling the less significant bits, the outputs C’ and D’ are grounded (C’ = 0 and 
D’ = 0) and the input #’ is tied to the supply voltage (i’ = 1). Why? 


Parity Checker/Generator Another arithmetic operation that is often 
invoked in a digital system is that of determining whether the sum of the 
binary bits in a word is odd (called odd parity) or even (designated even parity). 
The output of an EXcLUSIVE-oR gate is 1 if and only if one input is 1 and the 
other is 0. Alternatively stated, the output is 1 if the sum of the digits is 1. 
An. extension of this concept to the ExcLusIvE-or tree of lig. 17-15 leads to 
the conelusion that Z = 1 (or Y = 0) if the sum of the input bits A, B, C, 
and D is odd. Hence, if the input P’ is grounded (P’ = 0), then P = 0 for 
odd parity and P = 1 for even parity. 

The system of lig. 17-15 is not only a parity checker, but it may also be 
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Fig. 17-14 A 4-bit mag- 
nitude comparator. 
(Assume that C’ = 0 and 
BE’ =1,) |f FE =1, then 
A=B,andifC =1, 
_ then A>B. If D=1, 
G >B then A < B, where D 
; output has the same logic topol- 
E,0— ogy as C but with A and 
B interchanged. The 
inputs A,, B,, and D’ 
(A < B) are not indi- 
cated, The inputs £, 
are obtained from Fig. 


C'o 17-13. 
G >B 
input 
E 
Eo -O 
G =B (4 =B 
input output 


Fig. 17-15 An odd-parity checker, or parity-bit generator 
system, for a 4-bit input word. Assume P’ = 0 and then 
P = Q(1) represents odd (even) parity. 
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Fig. 17-16 Binary data transmission is tested by generating a parity bit at the 
input to a line and checking the parity of the transmitted bits plus the generated 
bit at the receiving end of the system. 


used to generate a parity bit P. Independently of the parity of the 4-bit 
input word, the parity of the 5-bit code A, B, C, D, and Pisodd. This state- 
ment follows from the fact that if the sum of A, B, C, and D is odd (even), 
then P is 0 (1), and therefore the sum of A, B, C, D, and P is always odd. 

The use of a parity code is an effective way of increasing the reliability of 
transmission of binary information. As indicated in Fig. 17-16, a parity bit 
P, is generated and transmitted along with the N-bit input word. At the 
recelver the parity of the augmented (NV + 1)-bit signal is tested, and if the 
output P2 of the checker is 0, it is assumed that no error has been made in 
transmitting the message, whereas P,; = 1 is an indication that (say, due to 
noise) the received word is in error. Note that only errors in an odd number 
of digits can be detected with a single parity check. 

An MSI 8-bit parity generator/checker is available (TI 74180) with con- 
trol inputs so that it may be used in either odd- or even-parity applications 
(Prob. 17-10). Tor words of length greater than 8 bits, several such units 
may be cascaded (Prob. 17-12). 

The AISI unit TI SN7486 contains four two-input EXCLUSIVE-oR gates. 


17-4 DECODER/DEMULT|PLEXER? 


In a digital system, instructions as well as numbers are conveyed by means of 
binary levels or pulse trains. Hf, say, 4 bits of a character are set aside to 
convey instructions, then 16 different instructions are possible. This infor- 
mation is coded in binary form. Frequently a need arises for a multiposition 
switch which may be operated in accordance with this code. In other words, 
for each of the 16 codes, one and only one line is to be excited. This process 
of identifying a particular code is called decoding. 
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Binary-coded-decimal (BCD) System This code translates decimal num- 
bers by replacing each decimal digit with a combination of 4 binary digits. 
Since there are 16 distinct ways in which the 4 binary digits can be arranged 
in a row, any 10 combinations can be used to represent the decimal digits 
from 0 to 9. Thus we have a wide choice of BCD codes. One of these, 
called the “natural binary-coded-decimal,”’ is the 8421 code illustrated by the 
first 10 entries in Table 6-2. This is a weighted code because the decimal 
digit in the 8421 code is equal to the sum of the products of the bits in the 
coded word times the successive powers of two starting from the right (LSB). 
We need N 4-bit sets to represent in BCD notation an N-digit decimal num- 
ber. The first 4-bit set on the right represents units, the second represents 
tens, the third hundreds, and so on. Jor example, the decimal number 264 
requires three 4-bit sets, as shown in Table 17-1. Note that this three-decade 


TABLE 17-1 BCD representation for the decimal number 264 


Weighting factor.......... 800 400 200 100/80 40 20 10/8 4 2 1 
BCD code................ ct) 0 1 0 o 1 1 0/0 10 0 
Decimal digits............ 2 6 4 


BCD code can represent any number between 0 and 999; hence it has a res- 
olution of 1 part in 1,000, or 0.1 percent.. It requires 12 bits, which in a 
straight binary code can resolve one part in 2 = 4,096, or 0.025 percent. 


BCD-to-decimal Decoder Suppose we wish to decode a BCD instruc- 
tion representing one decimal digit, say 5. This operation may be carried out 
with a four-input AND gate excited by the 4 BCD bits. For example, the 
output of the anp gate in Fig. 17-17 is 1 if and only if the BCD inputs are 
A= 1 (LSB), B= 0, C= 1, and D =0. Since this code represents the 
decimal number 5, the output is labeled “line 5.” 

A BCD-to-decimal decoder is indicated in Fig. 17-18. This MSI unit 
has four inputs, A, B, C, and D, and 10 output lines. (Ignore the dashed 
lines, for the moment.) In addition, there must be a ground and a power- 
supply connection, and hence a 16-pin package is required. The complemen- 
tary inputs A, B, C, and D are obtained from inverters on the chip. Since 
NAND gates are used, an output is 0 (low) for the correct BCD code and is 
1 (high) for any other (invalid) code. The system in Fig. 17-17 is also referred 
to as a ‘‘4-to-10-line decoder” designating that a 4-bit input code selects 1 of 
10 output lines. In other words, the decoder acts as a 10-position switch 
which responds to a BCD input instruct on. 


=; Line5 Fig. 17-17 The output is 1 if the BCD input is 0101 and 
is O for any other input instruction, 


bid byl - 
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Fig. 17-18 A BCD-to-decimal de- 
coder; Assume that 8 = 1. (Lines 
2 to 7 are not indicated.) The 
dashed lines convert the system 


into a demultiplexer if 8 represents 
the input signal. 
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It is sometimes desired to decode only during certain intervals of time. 
In such applications an additional input, called a strobe, is added to each 
NAND gate. All strobe inputs are tied together and are excited by a binary 
signal S, as indicated by the dashed lines in I'ig. 17-18. If.S = 1, a gate is 
enabled and decoding takes place, whereas if S = 0, no coincidence is possible 
and decoding is inhibited. The strobe input can be used with a decoder 
having any number of inputs or outputs. 


Demultiplexer A demuliiplexer is a system for transmitting a binary 
signal (serial data) on one of W lines, the particular line being selected by 
means of an address. A decoder is converted into a demultiplexer by means 
of the dashed connections in Vig. 17-18. If the data signal is applied at S, 
then the output will be the complement of this signal (because the output is 0 
if all inputs are 1) and will appear only on the addressed line. 

An enabling signal may be applied to a demultiplexer by cascading the 
system of Fig. 17-18 with that indicated in lig, 17-19. If both the dafa and 
enable inputs are 0, the data will appear (without inversion) on the line with 
the desired code. If the enable input is 1, the data are inhibited from appear- 
ing on any line and all inputs remain at 1. 
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Data Fig. 17-19 Adecoder is converted into a demulti- 
plexer (with an enabling input) if the S terminal in 
Fig. 17-18 is obtained from the above snp gate 
Enable output. 


4-to-16-line Decoder/Demultiplexer If an address corresponding to a 
decimal number in excess of 9 is applied to the inputs in Tig. 17-18, this 
instruction is rejected; that is, all 10 outputs remain at 1. If it is desired to 
select 1 of 16 output lines, the system is expanded by adding 6 more NAND 
gates and using all 16 codes possible with 4 binary bits. 

The TI 74154 is a 4-to-16-line decoder/demultiplexer. It has 4 address 
lines, 16 output lines, an enable input, a data input, a ground pin, and a 
power-supply lead, so that a 24-pin package is required. 

A 2-to-4-line and a 3-to-8-line decoder/demultiplexer are also available 
in individual IC packages. 


Decoder/Lamp Driver Some decoders are equipped with special output 
stages so that they can drive lamps such as the Burroughs Nixie tube. A 
Nixie indicator is a cold-cathode gas-discharge tube with a single anode and 
10 cathodes, which are wires shaped in the form of numerals 0 to 9. These 
cathodes are connected to output lines 0 to 9, respectively, and the anode is 
tied to a fixed supply voltage. The decoderlamp driver/Nixie indicator 

“combination makes visible the decimal number corresponding to the BCD 
number applied. Thus, if the input is 0101, the numeral 5 will glow in the 
lamp. 

A decoder for seven-segment numerals made visible by using light- 
emitting diodes is discussed in Sec. 17-7. 


17-5 DATA SELECTOR/MULTIPLEXER 


The function performed by a mulitplexer is to select 1 out of N input data 
sources and to transmit the selected data to a single information channel. 
Since in a demultiplexer there is only one input line and these data are caused 
to appear on 1 out of NM output lines, a multiplexer performs the inverse pro- 
cess of a demultiplexer. 

The demultiplexer of Fig. 17-18 is converted into a multiplexer by mak- 
ing the following two changes: (1) Add a Nanp gate whose inputs include 
all N outputs of Fig. 17-18 and (2) augment each nanp gate with an indi- 
vidual data input Xo, X1,..., Xw. The logic system for a 4-to-1-line 
data-selector multiplexer is drawn in Vig. 17-20. This anp-or logic is equiv- 
alent to the NAND-NAND logic as described in the above steps 1 and 2. (See 
Sec. 6-8.) Note that the same decoding configuration is used in both the 
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“multiplexer and demultiplexer. If the select code is 01, then X; appears at 
the output Y, if the address is 11, then Y = X;, etc., provided that the sys- 
tem is enabled (S = Q). Multiplexers are also available for selecting 1 of 8 
or 1 of 16 data sources. The latter (TI 74150) is a 24-pin IC with 16 data 
‘ inputs, a 4-bit select code, a strobe input, one output, a power-supply lead, 
and a ground terminal. For a 16 line-to-1 line multiplexer, Fig. 17-20 is 
extended from four 4-input AND gates to sixteen 6-input AND circuits. Two 
16-data-input multiplexers may be interconnected to select 1 out of 32 infor- 
mation sources (Prob. 17-18). 


Parallel-to-Serial Conversion Consider a 16-bit word available in par- 
allel form so that Xo represents the 2° bit, X1 the 2! bit, ete. By means of a 
counter (Sec. 17-13), it is possible to change the select code so that it is 0000 
for the first 7's, 0001 for the second T s, 0010 for the third interval T, ete. 
With such excitation of the address, the output of the multiplexer will be Xo 
for the first 7's, Xi for the next interval 7, X. for the third period, etc. The 
output Y is a waveform which represents serially the binary data applied in 
parallel at the input. In other words, a parallel-to-serial conversion is accom- 
plished of one 16-bit word. This process takes 16 T s. 


Sequential Data Selection By changing the address with a counter in 
the manner indicated in the preceding paragraph, the operation of an electro- 
mechanical stepping switch is simulated. If the data inputs are pulse trains, 
this information will appear sequentially on the output channel: in other 
words, pulse train X» will appear for T s, followed by X, for the next 7 s, 
ete. If the number of data sources is M, then X) is again selected during the 
interval MT <1 < (M + 1)T. 


Strobe 
or 
enable Select 


Fig. 17-20 A 4-to-1-line multi- 
plexer. 
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17-6 ENCODER 


A decoder is a system which accepts an M-bit word and establishes the state 1 
on one (and only one) of 2” output lines (Sec. 17-4). In other words, a 
decoder identifies (recognizes) a particular code. The inverse process is 
called encoding. An encoder has a number of inputs, only one of which is 
in the 1 state, and an N-bit code is generated, depending upon which of the 
inputs is excited. 

Consider, for example, that it is required that a binary code be trans- 
mitted with every stroke of an alphanumeric keyboard (a typewriter or tele- 
type). There are 26 lowercase and 26 capital letters, 10 numerals, and about 
22 special characters on such a keyboard so that the total number of codes 
necessary is approximately 84. This condition can be satisfied with a mini- 
mum of 7 bits (27 = 128, but 26 = 64). Let us modify the keyboard so that, 
if a key is depressed, a switch is closed, thereby connecting a 5-V supply 
(corresponding to the 1 state) to an input line. A block diagram of such an 
encoder is indicated in Fig. 17-21. Inside the shaded block there is a rectan- 
gular array (or matrix) of wires, and we must determine how to interconnect 
these wires so as to generate the desired codes. 

To illustrate the design procedure for constructing an encoder, let us 
simplify the above example by limiting the keyboard to only 10 keys, the 
numerals 0,1, ...,9. A 4-bit output code is sufficient in this case, and let 
us choose BCD words for the output codes. The truth table defining this 
encoding is given in Table 17-2. Input W, (n =0, 1, ... , 9) represents 
the nth key. When W, = 1, key » is depressed. Since it is assumed that 
no more than one key is activated simultaneously, then in any row every 
input except one is a 0. From this truth table we conclude that Y» = 1 if 


Fig. 17-21 Ablock diagram of an encoder 
for generating an output code (word) for 
every character on a keyboard. 


Yo 
7-bit output Tea: 
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10 input 
lines 


Fig. 17-22. An encoding matrix to trans- 
form a decimal number into a binary code 
(BCD). 


Ys yy Y Y¥ 
4-bit output code 


Wi = 1 or if W; = 1 or if W; = 1 or if W, = 1 or if Wy, = 1. Hence, in 
Boolean notation, 


Yo=WitW,+W,+Wr+ Ws (17-15) 
Similarly, 

¥1=W.2+W,+Wet+Ww, 

Y,.=Wit+Ws+Wet Ww, (17-16) 

Y,;=W;.+Ws 


The on gates in Eqs. (17-15) and (17-16) are implemented with diodes in 
Fig. 17-22. (Compare with Fig. 6-3, but with the diodes reversed, because 
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Ye Y% Yo 
(a) (b) 


Fig. 17-23 (a) An emitter-follower or gate. (b) Line II, in the encoder of Fig. 
}7-22 is connected to the base of a three-emitter transistor. 


we are now considering positive logic.) An encoder array such as that in 
Fig. 17-22 is called a rectangular diode matrix. 


TABLE 17-2 The truth table for encodiag the decimal numbers 0 to 9 


Inputs Outputs 


x 
° 
= 
o 
= 
= 
=] 
a 
= 
© 
ot 
e 
u 
= 
= 
= 
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= 
n 
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= 
2 
hed 


Yo ¥1 


x 


rooococoooceo 
OQreooooccec 
ocrooceccecea 
ecorocooco 
eocooocorcocec 
coococorcoce 
ecoococrcesc 
aeoococorce 
eoocecocre 
occoococoaocor 
wr oocooocecsa 
OOrrFrFrrFrOOOS 
cecorrococrrssS 
HK OoOHOrFOHOFO 


Incidentally, a decoder can also be constructed as a rectangular diode 
matrix (Prob, 17-21). This statement follows from the fact that a decoder 
consists of anp gates (Fig. 17-17), and it is possible to implement ANnp gates 
with diodes (Fig. 6-55). 

Each diode of the encoder of Tig. 17-22 may be replaced b» the base- 
emitter diode of a transistor. If the collector is tied to the supply voltage 
Vee, then an emitter-follower or gate results. Such a configuration is indi- 
cated in Fig. 17-23a for the output Y2. Note that if either W. or W; or We 
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or W;, is high, then the emitter-follower output is high, thus verifying that 
Yo = Wat Ws + We + Wy, as required by Eq. (17-16). 

Only one transistor (with multiple emitters) is required for each encoder 
input. The base is tied to the input line, and each emitter is connected to a 
different output line, as dictated by the encoder logic. For example, since in 
Fig. 17-22 line W; is tied to three diodes whose cathodes go to Y, Yi, and Y., 
then this combination may be replaced by the three-emitter transistor Q7 
connected as in Fig. 17-23b. The maximum number of emitters that may be 
required equals the number of bits in the output code. For the particular 
encoder sketched in Fig. 17-22, Q1, Q2, Q4, and Q8 each have one emitter, 
Q3, Q5, Q6, and Q9 have two emitters each, and Q7 has three emitters. 


17-7 READ-ONLY MEMORY (ROM)4 


Consider the problem of converting one binary code into another. Such a 
code-conversion system (designated ROM and sketched in Fig. 17-24a) has 
M inputs (Xo, Xi, .. . , Xu) and N outputs (Yo, ¥i,..., Yw-1), where 
N may be greater than, equal to, or less than Af. A definite J7-bit code is to 
result in a specific output code of N bits, This code translation is achieved, 
as indicated in Fig. 17-240, by first decoding the If inputs onto 2% = p» word 
lines (Wo, Wi, . . . , Wu—1) and then encoding each line into the desired out- 
put word. If the inputs assume all possible combinations of 1s and 0s, then 
p» N-bit words are “read” at the output (not all these 2° words need be unique, 
since it may be desirable to have the same output code for several different 
input words). 

The functional relationship between output and input words is built into 
hardware in the encoder block of Fig. 17-24. Since this information is thus 
stored permanently, we say that the swstem has “memory.” The memory - 
elements are the diodes in Fig. 17-22 or the emitters of transistors in Fig. 
17-23. The output word for any input code may be read as often as desired. 
However, since the stored relationship between output and input cedes can- 
not be modified without adding or subtracting memory elements (hardware), 
this system is called a read-only memory, abbreviated ROM. 

The largest bipolar ROM available in 1971 (MM 6280, available from 
Monolithic Memories) has IJ = 10 and N = 8, resulting in 2% = 219 = 1,024 
words of 8 bits each. This size is referred to as a S X 1,024 = 8,192-bit 
memory, and is an example of large-scale integration (LSI). Read-only 
memories using MOSFETs as memory elements:are discussed in Sec. 17-17. 


Code Converters The truth table for translating from a binary to a 
Gray code is given in Table 17-3. In the progression from one line to the next 
of the Gray code, 1 and only 1 bit is changed from 0 to 1, or vice versa. (This 
property does not uniquely define a code, and hence a number of Gray codes 
may be constructed.) The input bits are decoded in an ROMI into the word 
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Input 
M-bit 
code 


Code -conversion 
xX system 


(ROM) 


Output 
N-bit 
code Yn-1 Y, Yo 


(a) 


Fig. 17-24 (a) A block diagram of a system for converting one code into 
another; a read-only memory (ROM). (6) An ROM may be considered to 
be a decoder for the input code followed by an encoder for the output code. 


lines Wo, Wi, .. . , Wis, as indicated in Fig. 17-246, and then are encoded 
into the desired Gray code ¥Y3Y2Yi¥o. The W’s are the minterm outputs of 
the decoder. For example, 


Wo r heen Ws a XK oR Xo Ws = NeXeRi dd (17-17) 
From the truth table 17-3, we conclude that 
Yo = Wit Wet Ws t+ We + Wat Wid + Wis + Wis (17-18) 


This equation is implemented by connecting eight diodes with their cathodes 
all tied to Yo and their anodes connected to the decoder lines W1, W2, Ws, 
We, Wo, Wo, Wis, and Wu, respectively (or the base-emitter diodes of transis- 
tors may be used in an analogous manner to form an emitter-follower or gate, 
as in Fig. 17-28a). Similarly, from Table 17-3, we may write the Boolean 
expressions for the other output bits. For example, 


Y3 = Wet Wot Wiot Wu + Wie + Wis + Wis + Wis (17-19) 


Consider the inverse code translation, from Gray to binary. The Gray 
code inputs are arranged in the order Wo, Wi, . . . , Wis (corresponding to 
decimal numbers 0 to 15). The binary code corresponding to a given input 
word W, is listed as the output code for that line. For example, from Table 
17-3, we find that the Gray code 1001 corresponds to the binary code 1110, 
and this relationship is maintained in Table 17-4 on line Ws. From this table 
we obtain the relationship between output and input bits. For example, 


Yo = Wi + We + Ws + Wr + Ws + Wu + Wis + Wis (17-20) 
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TABLE 17-3 Conversion from a binary to a Gray 


code 
Decoded 
Binary code inputs word Gray code outputs 
Xs X. X, Xo W,, Ys Y2 Yi Yo 
0 0 0 0 Wo 0 0 0 0 
0 0 0 “i Wi 0 0 0 1 
0 0 1 0 W2 0 0 ng 1 
0 0 1 1 W, 0 0 1 0 
0 1 0 0 W, 6 1 1 0 
0 1 0 1 Ws 0 il 1 1 
0 1 1 0 Ws 0 1 0 1 
0 1 1 1 Wr 0 i 0 0 
1 0 0 0 Ws 1 1 0 0 
1 0 0 f Ws el 1 0 1 
1 0 1 0 Wio 1 1 1 1 
i 0 1 1 Wh a 1 1 0 
1 1 0 0 Wis ae 0 1 0 
1 1 0 1 Wis 1 0 1 1 
1 i 1 0 Wis 1 0 0 1 
i. 1 1 1 Wis nt 0 0 0 


TABLE 17-4 Conversion from a Gray to a binary 
code . 


Decoded 
Gray code inputs word Binary code outputs 


Xs Xo Xy X | Wa Ye Yel Yu Ye 


CrrrFrH OO 


Be RP RPP eee ooWTecaCTCCoceo 
rrr OOOOrH rH OOOO 
He OOnrr OCF rFrF CORK CO 
YF OrOoroOorcrcdr OrorFsd 
eee ee eee Ooocoooce 
SCCOCDRF BR eee HHH OOTCO 
oS 
Ornrorcdcoreoororesd 
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620 / INTEGRATED ELECTRONICS Sec. 17-8 


This equation defines how the memory elements are to be arranged in the 
encoder. Note that the ROM for Table 17-4 uses the same decoding arrange- 
ment as that for Table 17-3, but the encoders are completely different. In 
other words, the IC chips for these two ROMs are quite distinct since indi- 
vidual masks must be used for the encoder matrix of memory elements. 


Programming the ROM Consider a 256-bit read-only memory (TI 
7488A) arranged in 32 words of 8 bits each. The decoder input is a 5-bit 
binary select code, and its outputs are the 32 word lines. The encoder con- 
sists of 32 transistors (each base is tied to a different line) and with 8 emitters 
in each transistor. The customer fills out the truth table he wishes the ROAL 
to satisfy, and then the vendor makes a mask for the metallization so as to 
connect one emitter of each transistor to the proper output line, or alterna- 
tively, to leave it floating. Tor example, for the Gray-to-binary-code con- 
version, Eq. (17-20) indicates that one emitter from each of transistors Q1, 
Q2, Q4, Q7, Q8, Q11, Q13, and @Q14 is connected to line Yo, whereas the cor- 
responding emitter on each of the other transistors QO, Q3, Q5, Q6, .. . is 
left unconnected. The process just described is called custom programming, 
or mask programming, of an ROM. Note that hardware (not. software) pro- 
gramming is under consideration. If the sales demand for a particular code 
is sufficient, this ROAI becomes available as an “off-the-shelf” item. 

For small quantities of an ROM, the mask cost may be prohibitive, and 
also the delivery time may be too long. Hence some manufacturers} supply 
- field-programmable ROMIs,** abbreviated pROM, or ROMP (read-only mem- 
ory, programmable). Such an IC chip has an encoder matrix made with all 
connections which may possibly be required. Tor example, the 236-bit mem- 
ory discussed above is constructed as a pROM with 32 transistors, each hav- 
ing eight emitters (labeled Ho, Hi, . . . , By) and with Ey from each transistor 
tied to output Yo, Fi to Yi, ete. In series with each emitter there is incor- 
porated a narrow aluminum or nichrome strip which acts as fuse and opens up 
when a current in excess of a maximum value is passed through this memory 
element. The user can easily fuse, or “zap,” in the field those memory- 
element links which must be opened in order that the ROM perform the 
desired functional relationship between output and input. 

Diode matrices are also available with fusible links, and these can ss 
used for the encoder portion of a pROAI, or also as a decoder (Prob. 17-22). 


17-8 ROM APPLICATIONS 


As emphasized in the preceding section, an ROM is a code-conversion unit. 
However, many different practical systems represent a translation from one 


{ For example, Harris Semiconductor, Intel, Intersil, Monolithic Memories, Motorola, 
Signeties, and Texas Instruments. 
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code to another. The most important of these ROM applications are dis- 
cussed below. 


Look-up Tables Routine calculations such as trigonometric functions, 
logarithms, exponentials, square roots, etc., are sometimes required of a com- 
puter. If these are repeated often enough, it is more economical to include 
an ROM as a look-up table, rather than to use a subroutine or a software pro- 
gram to perform the calculation. A look-up table for Y = sin X is a code- 
conversion system between the input code representing the argument X in 
binary notation (to whatever accuracy is desired) and the output code giving 
the corresponding values of the sine function. Clearly, any calculation for 
which a truth table can be written may be implemented with an ROM—a 
different ROM for each truth table. 


Sequence Generators In a digital system (such as a computer, a data 
communications system, etc.) several pulse trains are often required for con- 
trol (gating) purposes. The ROM may be used to supply these binary 
sequences if the address is changed by means of a counter. As mentioned 
in Sec. 17-5, the input to the encoder changes from Wo, to W, to We, ete. 
every T's. Under this excitation the output Y, of the ROM represented by 
Table 17-4 is 


Yi = 1100001100111100 (LSB) (17-21) 


This equation is obtained by reading the digits in the Y; column from top to 
bottom. It indicates that for the first 27’ s, Y1 remains low; for the following 
47 s, Y, is high; for the next 27 s, Yi is low; for the next 27 s, ¥; is high; 
for the following 47 s, Y1 is low; for the last 27's, ¥1 is high; and after these 
167 s, this sequence is repeated (as long as pulses are fed to the counter). 

Simultaneously with Yi, three other synchronous pulse trains, Yo, Yo, 
and Y,, are created. In general, the number of sequences obtained equals 
the number of outputs from the ROM. Any desired serial binary waveforms 
are generated if the truth table is properly specified, i.e., if the ROM is cor- 
rectly programmed. 


Seven-segment Visible Display It is common practice to make visible 
the reading of a digital instrument (a frequency meter, digital voltmeter, etc.) 
by means of the seven-segment numeric indicator sketched in Fig. 17-25a. 
A wide variety’ of readouts are commercially available. A solid-state indica- 
tor in which the segments obtain their luminosity from light-emitting gallium 
arsenide or phosphide diodes (Sec. 3-15) is operated at low voltage and low 
power and hence may be driven directly from IC logic gates. 

The first 10 displays in lig. 17-25b are the numerals 0 to 9, which, in 
the digital instrument, are represented in BCD form. Such a 4-bit code has 
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Fig. 17-25 (a) Identification of the segments ina seven-segment LED visible 
indicator. (b) The display which results from each of the sixteen 4-bit 
input codes, 


16 possible states, and the displays 10 to 15 of Fig. 17-25b are unique sym- 


bols used to identify a nonvalid BCD condition. 


The problem of converting from a BCD input to the seven-segment out- 
puts of Fig. 17-25 is easily solved using an ROM. If an excited (luminous) 
segment is identified as state 0 and a dark segment as the 1 state, then truth 
table 17-5 is obtained. This table is verified as follows: For word Wo (cor- 


TABLE 17-5 Conversion from a BCD to a seven-segment-indicator code 

Binary-coded-decimal inputs ge Seven-segment-indicator code outputs 

Ks, =D X2=C X,=B X=A WwW, Yo Ys Ys Ys Ya Fi ¥o 
0 0 0 0 Wo 1 0 0 0 0 0 0 

0 0 0 1 W, 1 1 1 1 0 0 1 

0 0 1 0 W. 0 1 0 0 1 0 0 

0 0 1 1 Ws 0 1 1 0 0 0 0 

0 1 0 0 W, 0 0 1 1 0 0 1 
0 1 0 1 Ws 0 0 1 0 0 1 90. 

0 1 1 0 We 0 0 0 0 0 1 1 

0 1 1 1 W, 1 1 1 1 0 0 0 

1 0 0 0 Ws 0 0 0 0 0 0 0 

1 0 0 1 Ws 0 0 1 1 0 0 0 

1 0 1 0 Wr 0 1 0 0 1 1 1 

1 0 1 1 Wi 0 1 1 0 0 1 1 

1 1 0 0 Wir 0 0 1 1 1 0 1 

1 1 0 1 Wis 0 0 1 0 1 1 0 

1 1 1 0 Wi 0 0 0 0 1 1 1 

1 1 1 1 Wis 1 1 1 Lt 1 1 1 


responding to numeral 0) we see from Fig. 17-25 that Y; = 1 and all other Y’s 
are 0. For word W, (corresponding to the numeral 4) Yyp = Y3 = ¥a =1 
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and Y; = Y, = Y; = Y. = 0, and so forth. The ROM is programmed as 
explained in Sec. 17-7 to satisfy this truth table. Tor example, 


Yo = Wit Wat We + Wio + Wi t+ Wie + Wig + Wis (17-22) 


It should be pointed out that an ROA may not use the smallest number of 
gates to carry out a particular code conversion. Consider Kq. (17-22) written 
as a sum of products. Replacing the minterm W, by X;X.X,X) = DCBA 
and using analogous expressions for the outputs of the other decoders, Eq. 
(17-22) becomes 

Y) = DCBA + DCBA + DCBA + DCBA + DCBA 
+ DCBA + DCBA + DCBA (17-23) 
There are a number of algebraic and graphical techniques®? and computer 
programs for minimizing such Boolean expressions. Note, for example, that 
the second and third minterms can be simplified to 


DCBA + DCBA = DCA 
because B + B = 1. Proceeding in this manner (Prob. 17-25), the following 
minimized form of Yo is obtained: 


Y, = DCBA + CA + DB (17-24) 


Using the minimized expressions for Yo, Yi, . . . , Ys results in some saving 
(about 20 percent) of components over those required in the ROM. A chip 
fabricated in this manner (for example, TI 7446A) is designated a ““BCD-to- 
seven-segment decoder/driver.” 

Minimization of Boolean equations (particularly if the number of vari- 
ables in each product exceeds five) is tedious and time-consuming. The engi- 
neering man-hours cost for minimization and for designing the special IC chip 
to realize the savings in components must be compared with that of simply 
programming an existing ROM. Unless a tremendous number of units are 
to be manufactured (and particularly if the matrix size is large), the ROI is 
the more economical procedure. 


Combinational Logic If N logic equations of J variables are given in 
the sum-of-products canonical form, these equations may be implemented 
with an M-input, N-output ROM. As explained above, this is an economi- 
cal solution if Jf and N are large (particularly if A/ is large). However, in 
the logic design of one stage of a full adder, where 17 = 3 and N = 2 (small 
numbers), and where this unit is sold in considerable quantities, using distinct 
gate combinations as in lig. 17-7 is more economical than using an ROM. 


Character Generator Alphanumeric characters may be ‘‘written’’ on 
the face of a cathode-ray tube (a television-type display) with the aid of an 
ROM. This very important application is discussed in Sec. 17-21. 
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Il. SEQUENTIAL DIGITAL SYSTEMS 


17-9 A 1-BIT MEMORY? 


All the systems discussed in the preceding sections of this chapter are based 
upon combinational logic; the outputs at a given instant of time depend only 
upon the values of the inputs at the same moment. Such a system is said 
to have no memory. Note that an ROM is a combinational circuit and, 
according to the above definition, it has no memory. The memory of an ROM 
refers to the fact that ti ‘‘memorizes” the functional relationship between the oui- 
put variables and the input variables. It docs not store bits of information. 


A Sequential System Many digital systems are pulsed or clocked; i.e., 
they operate in synchronism with a pulse train of period 7", called the system 
clock (abbreviated Ck), such as that indicated in Fig. 17-26. The pulse width 
i, is assumed small compared with T. The binary values at each node in the 
system are assumed to remain constant in each interval between pulses. A 
transition from one state of the system to another maz’ take place only with 
the application of a clock pulse. Let Q, be the output (0 or 1) at a given 
node in the mth interval (bit time 7) preeeding the nth clock pulse (Fig. 
17-26). Then Qn: is the corresponding output in the interval immediately 
after the nth pulse. Such a system where the values Qi, Qo, Qs ...,0f Qa 
are obtained in time sequence at intervals T is called a sequential (to distin- 
guish it from a combinational) logic system. The value of Q,4:1 may depend 
upon the nodal values during the previous (nth) bit time. Under these cir- 
cumstances a sequential circuit possesses memory. 


A I-bit Storage Cell The basic digital memory cireuit is obtained by 
cross-coupling two Nor circuits N1 and N2 (single-input NaND gates) in the 
manner shown in Fig. 17-27a. The output of each gate is connected to the 
input of the other, and this feedback combination is called a FLIP-FLOP. 
The most important property of the FLip-FLoP is that it ean exist in one of 


n n+1 
| tp << Tr Q, Qn41 
A Le<Tlel | | 
0 T 2T (n-DT nT (n4+07 t 
Fig. 17-26 The output of a master oscillator used as a 


clock pulse train to synchronize a digital sequential 
system. 
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(a) 
Fig. 17-27. (a) Al-bit memory or latch. (b) The Fup-Fiop 
provided with means for presetting or for clearing the state 


of the cell. 


two stable states, either Q = 1 (Q = 0), called the 1 state, or Q = 0 @ = 1), 
referred to as the 0 state. The existence of these stable states is consistent 
with the interconnections shown in Fig. 17-27a. For example, if the output 
of N1 is Q = 1, so also is As, the input to N2. This inverter then has the 
state 0 at its output @. Since @ is tied to Ai, then the input to N1 is 0, and 
the corresponding output is Q@ = 1. This result conforms our original assump- 
tion that Q = 1. A similar argument leads to the conclusions that Q = 0; 
Q@ = Lisalso a possible state. It is readily verified that the situation in which 
both outputs are in the same state (both 1 or both 0) is not consistent with 
the interconnection. 

Since the ruip-rLoP has two stable states, it is also called a binary, or 
bistable, muLTI. Since it may store one bit of information (either Q = 1 or 
Q = 0), it is a 1-bet memory unit, or a 1-bit storage cell. Since this information 
is locked, or latched, in place, this FurP-FLOP is also known as a latch. 

Suppose it is desired to store a specific state, say Q = 1, in the latch. 
Or conversely, we may wish to remember the state Q = 0. We may “write” 
al or 0 into the memory cell by changing the Not gates of lig. 17-27a to 
two-input NAND gates, N1 and N2, and by feeding this latch through two 
not gates, N8 and N4, whose inputs are S and A, as in Fig. 17-276. Tf we 
assume that S = 1 and R = 0, then the state of each gate input and output 
is indicated on the logic diagram. Since Q = 1, we have thus verified that 
to set the FLIP-FLOP to the 1 state requires inputs S = 1 and A =0. The 
input S is called the set, or preset, input. In a similar manner it can be demon- 
strated that to enter a 0 into the memory, it is necessary to choose S = 0 and 
R= 1. Hence B& is referred to as the reset, or clear, input. The input com- 
bination S = R = 0 leads to an undetermined state (Q could be either 1 or 0). 
Also S = R = 1 is not allowed (Prob. 17-27). 


The Clocked S-R ruip-rtop In a sequential system it is required to set or 
reset a FLIP-FLOP in synchronism with clock pulses. This is aceomplished by 
changing N3 and N4 in Fig. 17-276 to two-input NAND gates and by applying 
the clock pulse train Ck simultaneously to N3 and N4. Such a triggered set- 
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Fig. 17-28 (a) An S-& clocked rur-rlop; (b) the truth table (the 
question mark in the last row indicates that this state cannot 
be predicted); (c) the logic symbol. 


reset (abbreviated S-R, or R-S) rurp-rLop is indicated in Fig. 17-28a. The 
gates NJ and N2 form a latch, whereas N3 and N4 are the control, or steering, 
gates which program the state of the FLIp-FrLop after the pulse appears. 

Note that between clock pulses (Ck = 0), the outputs of N3 and N4 are 
1 independently of the values of R or 8. Hence the circuit is equivalent to 
the latch of Fig. 17-27a. If Q = 1, it remains 1, whereas if Q = 0, it remains 
0. In other words, the rurp-rLop does not change state between clock pulses; 
it is invariant within a bit time. 

Now consider the time é = n7(+-) when a clock pulse is present (Ck = 1). 
If S$ = 0 and & = 0, then the outputs of N3 and N4 are 1. By the argument 
given in the preceding paragraph, the state Q, of the FLrp-rLop does not 
change. Hence, after the pulse passes (in the bit time m + 1), the state Qai1 
is identical with Qn. If we denote the values of R and 8 in the interval just. 
before £ = nT by R, and S,, then Q.41 = Q, if S, = 0 and R, = 0. This 
relationship is indicated in the first row of the truth table of Fig. 17-28b. 

If Ck = 1, S, = 1, and R, = 0, then the situation is that pictured in 
Fig. 17-27 and the output state is 1. Hence, after the clock pulse passes (at bit 
time n + 1), we find Q,41 = 1, confirming the second row of the truth table. 
If & and S are interchanged and if simultaneously Q is interchanged with Q, 
then the logic diagram of Tig. 17-28a is unaltered. Hence the third row of 
Fig. 17-28) follows from the second row. 

If Ck = 1, 8S, = 1, and &, = 1, then the outputs of the NanpD gates N3 
and N4 are both 0. Hence the input B; of N1 as well as By of N2 is 0, so that 
the outputs of both N1 and N2 must be 1. This condition is logically incon- 
sistent with our labeling the two outputs Q and G. We must conclude that 
the output transistor (Q3 of I'ig. 6-28) of each gate N1 and N2 is cut off, 
resulting in both outputs being high (1). At the end of the pulse the inputs 
at B, and B, rise from 0 toward 1. Depending upon which input increases 
faster and upon circuit parameter asymmetries, either the stable state Q = 1 
(QO = 0) or Q = 0 (Q = 1) will result. Therefore we have indicated a ques- 
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tion mark for Qn41 in the fourth row of the truth table of Fig. 17-28). This 
state is said to be indeterminate, ambiguous, or undefined, and the condition 
S, = land &, = 1 is forbidden; it must be prevented from taking place. 


17-10 FLIP-FLOPS?° 


In addition to the S-#& F.ip-FLop, three other variations of this basic 1-bit 
memory are commercially available: the J-K, TZ, and D types. The J-K 
FLIP-FLOP removes the ambiguity in the truth table of Fig. 17-280. The 7 
FLIP-FLOP acts as a toggle switch and changes the output state with each 
clock pulse; Qn4: = Qn. The D type acts as a delay unit which causes the 
output to follow the input, but, delayed by 1 bit time; Qn41 = Qn. We now 
discuss each of these three rLip-FLoP types. 


The J-K Fuip-rtop This building block is obtained by augmenting the 
S-R Fuip-FLoP with two anp gates Al and A2 (lig. 17-29a). Data input J 
and the output @ are applied to Al. Since its output feeds S, then S = JQ. 
Similarly, data input K and the output Q are applied to A2, and hence 
R = KQ. The logic followed by this system is given in the truth table of 
Fig. 17-29b. This logic can be verified by referring to Table 17-6. There 
are four possible combinations for the two data inputs J and K. Tor each of 
these there are two possible states for Q, and hence Table 17-6 has eight rows. 
From the Jn, Kn, Qn, and Q, bits in each row, S, = JQ, and R, = K,Q, are 
calculated and are entered into the fifth and sixth columns of the table. Using 
these values of S, and A, and referring to the S-R Fire-rLor truth table of 
Vig. 17-28, the seventh column is obtained. Finally, column 8 follows from 
column 7 because Qn = 1 in row 4, Q, = 0 in row 5, Q, = 1 in row 7, and 
0, = 0 in row 8. 

Columns 1, 2, and § of Table 17-6 form the J-K FuLIp-FLop truth table of 
Fig. 17-296. Note that the first three rows of a J-K are identical with the cor- 
responding rows for an S-R truth table (Vig. 17-28b). However, the ambiguity 
of the state S, = 1 = R, is now replaced by Qny: = Q, for Jn = 1 = Kn. 
If the two data inputs wn the J-K FLIP-FLOP are high, the output will be comple- 
mented by the clock pulse. 

It is really not necessary to use the AND gates Al and A2 of Fig. 17-29a, 
since the same function can be performed by adding an extra input terminal 


Jn En| Qn41 


ON 
© 
wn 
& 
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Fig. 17-29 (a) An S-R rup-riop is con- tock o | CR 
verted into a J-K fur-r.op; (b) the Qo— = 
truth table. 


628 / INTEGRATED ELECTRONICS : Sec. 17-10 


TABLE 17-6 Truth table for Fig. 17-29a 


Column 1 2 3 4 5 6 7 8 
Row Jn Ky, Qn Qn Sa Ry Qn4t 

1 0 0 0 1 0 0 Qn 
2 0 0 1 0 0 0 at Qn 
3 1 0 0 1 1 0 1 
4 1 0 1 0 0 0 ou} ! 
5 0 1 0 1 0 0 a 0 
6 0 1 1 0 0 1 0 
7 1 1 0 1 1 0 1 Fa 
8 1 1 1 0 0 1 0 \ : 


to each NAND gate N3 and N4 of Vig. 17-28a. This simplification is indi- 
cated in Fig. 17-80. (Ignore the dashed inputs; i.e., assume that they are 
both 1.) Note that Q and @ at the inputs are obtained by the feedback con- 
nections (drawn heavy) from the outputs. 


Preset and Clear The truth table of Vig. 17-290 tells us what happens 
to the output with the application of a clock pulse, as a function of the data 
inputs J and K. However, the value of the output before the pulse is applied 
is arbitrary. The addition of the dashed inputs in lig. 17-30 allows the initial 
state of the rLip-rLop to be assigned. Tor example, it may be required to 
clear the latch, i.e., to specify that Q = 0 when Ck = 0. 

The clear operation may be accomplished by programming the clear input 
to 0 and the preset input to 1; Cr = 0, Pr = 1, Ck = 0. Since Cr = 0, the 
output of N2 (lig. 17-30) is @ = 1. Since Ck = 0, the output of N3 is 1, 
and henee all inputs to M1 are 1 and @ = 0, as desired. Similarly, if it is 


Preset (Pr) 


Q 
* 
0 
1 


‘Fig. 17-29 gives Q 


n+l 


fo) 
Clear (Cr) 
(a) (b) (ce) 


Fig. 17-30 (a) AJ-K FLIP-FLOP: (b) the logic symbol; (c) the neces- 
sary conditions for synchronous operation (row 1) or for asynchronous 


clearing (row 2) or presetting (row 3). 


Sec. 17-10 DIGITAL SYSTEMS / 629 


required to preset the latch into the 1 state, it is necessary to choose Pr = 0, 
Cr = 1, Ch =0. The preset and clear data are called direct, or asynchronous, 
inputs; ie., they are not in synchronism with the clock, but may be applied 
at any time in between clock pulses. Once the state of the FLIP-FLOP is 
established asynchronously, the direct inputs must be maintained at Pr = 1, 
Cr = 1, before the next pulse arrives in order to enable the rLrp-Fior. The 
data Pr = 0, Cr = 0, must not be used since they lead to an ambiguous state. 
Why? 

The logic symbol for the J-K rurp-rvor is indicated in "ig. 17-300, and the 
inputs for proper operation are given in Fig. 17-30c. 


The Race-around Condition There is a possible physical difficulty with 
the J-K FLip-FLOP constructed as in Iig. 17-80. Truth table 17-6 is based 
upon combinational logic, which assumes that the inputs are independent of 
the outputs. However, because of the feedback connection Q(Q) at the input 
to K(J), the input will change during the clock pulse (Ck = 1) if the output 
changes state. Consider, for example, that the inputs to Fig. 17-30 are J = 1, 
K = 1, and Q@ = 0. When the pulse is applied, the output becomes Q = 1 
(according to row 7 of Table 17-6), this change taking place after a time inter- 
val At equal to the propagation delay (Sec. 6-15) through two NAND gates in 
series in lig. 17-30. NowJ = 1, K = 1, and Q = 1, and from row 8 of Table 
17-6, we find that the input changes back to @ = 0. Hence we must con- 
clude that for the duration t, (Fig. 17-26) of the pulse (while Ck = 1), the 
output will oscillate back and forth between 0 and 1. At the end of the pulse 
(Ck = 0), the value of Q is ambiguous. 

The situation just described is called a race-around condition. It can be 
avoided ifi, < Al < T. However, with IC components the propagation delay 
is very small, usually much less than the pulse width ¢,. Hence the above 
inequality is noé satisfied, and the output is indeterminate. Jumped delay 
lines can be used in series with the feedback connections of Fig. 17-30 in order 
to increase the loop delay beyond ¢), and hence to prevent the race-around 
difficulty. A more practical IC solution is now to be described. 


The Master-Slave J-K ruip-FLoP In Jig. 17-31 is shown a cascade of two 
S-R Puip-FLOps with feedback from the output of the second (called the slave) 
to the input of the first (called the master). Positive clock pulses are applied 
to the master, and these are inverted before being used to excite the slave. 
For Pr = 1, Cr = 1, and Ck = 1, the master is enabled and its operation 
follows the J-K truth table of Vig. 17-29b. Furthermore, since Ck = 0, the 
slave S-R FLIP-FLOP is inhibited (cannot change state), so that Q, is invariant 
for the pulse duration t). Clearly, the race-around difficulty is circumvented 
with the master-slave topology. After the pulse passes, Ck = 0, so that 
the master is inhibited and Ck = 1, which causes the slave to be enabled. 
The slave is an S-R Fure-rLop, which follows the logic in Fig. 17-28). If 
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Fig. 17-31 A J-K master-slave Fup-riop. 


S = Qu = 1 and R = Qyw = 0, then Q=1 and O=0. Similarly, if 
S = Qu = 0 and R = Qy = 1, then Q = 0 and @ = 1. In other words, 
in the interval between clock pulses, the value of Qs is transferred to the 
output @. In summary, during a clock pulse the output @ does not change 
but Qa follows J-K logic; at the end of the pulse, the value of Qy is trans- 
ferred to Q. 

It should be emphasized that the data J and K must remain constant for 
the pulse duration or an erroneous output may result (Prob. 17-34). Also 
note that some commercially available rurp-rLops have internal AND gates at 
the inputs to provide multiple J and K inputs, thereby avoiding the necessity 
of external gates in applications where these may be required. 


The D-type riip-rLop If a J-K Furp-riop is modified by the addition of 
an inverter as in Fig. 17-32a, so that K is the complement of J, the unit is 
called a D (delay) rure-rLop. From the J-K truth table of Fig. 17-298, 
Qai1 = 1 for Da = Ja = K, = 1 and Qui = 0 for D, = Jn = KR, = 0. 
Hence Qn: = D,. The output Qn4z after the pulse (bit time x + 1) equals the 
input D, before the pulse (bit time »), as indicated in the truth table of Fig. 


J Pr Q —D Pr @ Dn | ny 

Clock | 1 1 
Ck —| Ck 6 0 
& Cr @ Cr Q 


(a) (b) (c) 


Fig. 17-32 (a) A J-K rup-riop is converted into a D-type 
tatch; (6) the logic symbol; and (c) the truth table. 
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17-32c. If the riip-FLoP in Tig. 17-32a is of the S-R type, the unit also func- 
tions as a D-type latch. There is no ambiguous state because J = K = 1 is 
not possible. : 

The D-type FLIP-FLOP is a binary used to provide delay. The bit on 
the D line is transferred to the output at the next clock pulse, and hence 
this unit functions as a 1-bit delay device. There is available an MISI package 
(TI 74100) with two independent quadruple D-type latches, so that a total of 
8 bits can be stored and transferred. : 


The T-type rLip-FLop This unit changes state with each clock pulse, and 
hence it acts as a toggle switch. If / = K = 1, then Qn4yi = Qn, so that the 
J-K Furp-FLop is converted into a T-type ruip-FLop. In Tig. 17-33a@ such a 
system is indicated with a data input 7. The logie symbol is shown in Fig. 
17-336, and the truth table in Fig. 17-33c. The S-R- and the D-type latches 
can also be converted into toggle, or complementing, FLIP-FLoPs (Prob, 17-38). 


Summary Jour FLIP-FLOP configurations S-R&, J-K, D, and T are impor- 
tant. The logic satisfied by each type is repeated for easy reference in Table 
17-7.. An IC rurp-ruop is driven synchronously by a clock, and in addition 
it may (or may not) have direct inputs for asynchronous operation, preset 
(Pr) and clear (Cr). A direct input can be 0 only in the interval between 
clock pulses when Ck = 0. When Ck = 1, both asynchronous inputs must be 
high; Pr = 1 and Cr = 1: The inputs must remain constant during a pulse 
width, Ck = 1. Vor a master-slave FLIP-FLOP the output Q remains constant 
for the pulse duration and changes only after Ck changes from 1 to 0, at the 
negative-going edge of the pulse. 

The toggle, or complementing, FLIP-FLOP is not available commercially 
because a J-K can be used as a T type by connecting the J and K inputs 
together (Fig. 17-33). 

The FLIP-FLOP is available in all the IC digital families, and the maxi- 
mum frequencies of operation are given in Table 6-8, 


Clock 


(a) (®) (c) 


Fig. 17-33 A.J-K Fup-riop is converted into a T-type Fur- 
Flop, With a data input 7"; (b) the logic symbol; and (c) the 
truth table. 
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TABLE 17-7 FLIP-FLOP truth tables 
a ee is ee 


S-Rh J-K D T Direct inputs 
J 7 
Sn | Fn |Qny1] Jn | Kn | Quart) Da | Quai] Pn | Qaui] Ck | cr | Pr | @ 
0o/o0;@ {| 0f0}8@ } 1 1 1] @ | 0 1 0 i 
I 0 1 I 0 1 0 0 0 | Q. | O ) 1 ) 
CU ea 1} 1] a] ¢ 
I 1 ? 1 1 Qn 
Fig. 17-28 Fig. 17-31 Fig. 17-32 | Fig. 17-33 


t Refer to truth table S-R, J-K, D, or T for Qa+i as a function of the inputs. 


17-11 SHIFT REGISTERS 


Since a binary is a 1-bit memory, then » FLIp-FLOPs can store an a-bit word. 
This combination is referred to as a register. To allow the data in the word 
to be read into the register serially, the output of one FLIP-rLoP is connected 
to the input of the following binary. Such a configuration, called a shijt 
register, is indicated in Tig. 17-34. ach Frurp-rior is of the S-& (or J-K) 
master-slave type. Note that the stage which is to store the most significant 
bit (AISB) is converted into a D-type latch (Fig. 17-32) by connecting S and R 
through an inverter. The 5-bit shift register indicated in Fig. 17-34 is avail- 
able on a single chip in a 16-pin package (medium-scale integration). We 
shall now explain the operation of this system by assuming that the serial 
data 01011 (LSB) is to be registered. (The least significant bit is the right- 
most digit, which in this case isal.) —~ 


Outputs —>Q, Q, Q, Q, Q, 
Presets > Pr, if Pr, 7 Pr, ? Pr, Pry 
Preset it 
tae 
enable | 
Serial 
Pr P; 
ngayon 7” Qt 7, jS1 “7 Q,}-+18, Pr Q, 
Ck FF4 | Ck FF3 | -Jck FF2 | -—GCk FFI Ck FFO | 
Ry, G, Qa, 72s Cr Qs, QR, Cr aX [Fo Cr Q 
Clear A 
ra I i= 
San te coal _t 
Clock (MSB) (LSB) 


Fig. 17-34 A 5-bit shift register (TI 7496). 
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Serial-to-Parallel Converter The riip-rLops are cleared by applying a 
0 to the clear input so that every output Qo, Q1, . . . , Q1isO. Then Cr is set 
to 1 and Pr is held constant at 1 (by keeping the preset enable at 0). The 
serial data train and the synchronous clock are now applied. The least signifi- 
cant bit (LSB) is entered into FF4 when Ck changes from a 0 to a 1 by the 
action of a D-type FLip-rLop. After the clock pulse, Q, = 1, while all other 
outputs remain at 0. 

At the second clock pulse the state of Q, is transferred to the master latch 
of FF3 by the action of an S-R Fiiv-FLor. Simultaneously, the next bit (a 1 in 
the 01011 word) enters the master of FF'4. After the second clock pulse the 
bit in each master transfers to its slave and Qs = 1, Q3 = 1, and the other 
outputs remain 0. The readings of the register after each pulse are given in 
Table 17-8. For example, after the third pulse, Q; has shifted to Qa, Qs to Qs, 


TABLE 17-8 Reading of shift register 
after each clock pulse 


Cloek | Word 


and the third input bit (0) has entered FI4, so that Q1 = 0. We may easily 
follow this procedure and see that by registering each bit in the MSB Fiip-FLop 
and then shifting to the right to make room for the next digit, the input word 
becomes installed in the register after the nth clock pulse (for an n-bit code). 
Of course, the clock pulses must stop at the moment the word is registered. 
Each output is available on a separate line, and they may be read simultane- 
ously. Since the data entered the system serially and came out in parallel, 
this shift register is a serial-to-parallel converter. It is also referred to as a 
series-in, parallel-out register. A temporal code (a time arrangement of bits) has 
been changed to a spacial code (information stored in a static memory). 

Alaster-slave FLIP-FLOPs are required because of the race problem between 
stages (Sec. 17-10). If all ruip-rLops were to change states simultaneously, 
there would be an ambiguity as to what data would transfer from the preceding 
stage. For example, at the third clock pulse, Q1 changes from 1 to 0, and it 
would be questionable as to whether Q3; would become a1 ora0. Hence it is 
necessary that Qi remain a 1 until this bit is entered into FF3, and only then 
may it change to 0. The master-slave configuration provides just this action. 
If in Fig. 17-31, the J(K) input is called S(R) and if the (heavy) feedback con- 
nections are omitted an S-R master-slave FLIP-FLOP results. 
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Series-in, Series-out Register We may take the output at Qo and read 
the register serially if we apply 1 clock pulses, for an n-bit word. After the 
nth pulse each FLIp-rLop reads 0. Note that the shift-out clock rate may be 
greater or smaller than the original pulse frequency. Hence here is a method 
for changing the spacing in time of a binary code, a process referred to as 
buffering. 


Parallel-to-Serial Converter Consider the situation where the word bits 
are available in parallel, e.g., at the outputs from an ROM (See. 17-7). Itis 
desired to present this code, say 01011, in serial form. 

The LSB is applied to Pr, the 2' bit to Pr, ..., so that Pry = 1, 
Pry = 1, Pro = 0, Prs = 1, and Pry = 0. The register is first cleared by 
Cr = 0, and then Cr = 1lismaintained. A 1 at the preset enable input activates 
all kth input NANp gates for which Pr, = 1. The preset of the corresponding 
kth riip-rLop is Pr = 0, and this stage is therefore preset to 1 (Table 17-7). 
In the present illustration FFO, FF1, and FF3 are preset and the input word 
01011 is written into the register, all bits in parallel, by the preset enable pulse. 

As explained above, the stored word may be read serially at Qo by applying 
five clock pulses. This is a parallel-to-serial, or a spacial-lo-temporal, converter. 


Parallel In, Parallel Out The data are entered as explained above by 
applying a 1 at the preset enable, or write, terminal. It is then available in 
parallel form at the outputs Qo, Qi, .... If it is desired to read the register 
during a selected time, each output Q, is applied to one input of a two-input 
AND gate N,, and the second input of each ann is excited by a read pulse. The 
output of Nz is 0 except for the pulse duration, when it reads 1 if Qs = 1. 
(The gates Vz are not shown in Fig. 17-34.) 

Note that in this application the system is not operating as a shift register 
since there is no clock required (and no serial input). Each riip-riop is simply 
used as an isolated 1-bit read/write memory. 


Right-shift, Left-shift Register Some commercial shift registers are 
equipped with gates which allow shifting the data from right to left as well as 
in the reverse direction. One application for such a system is to perform 
multiplication or division by multiples of 2, as will now be explained. Consider 
first a right-shift register as in Fig. 17-34 and that the serial input is held low. 

Assume that a binary number is stored in a shift register, with the least- 
significant bit stored in FO. Now apply one clock pulse. Each bit then 
moves to the next lower significant place, and hence is divided by 2. The 
number now held in the register is half the original number, provided that FF0 
was originally 0. Since the 2° bit is lost in the shift to the right, then if FFO 
was originally in the 1 state, corresponding to the decimal number 1, after the 
shift the register is in error by the decimal number 0.5. The next clock pulse 
causes another division by 2, etc. 
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Consider now that the system is wired so that each clock pulse causes a 
shift to the left. Hach bit now moves to the next higher significant digit, and 
the number stored is multiplied by 2. 


Digital Delay Line A shift register may be used to introduce a time 
delay A into a system, where A is an integral multiple of the clock period T. 
Thus an input pulse train appears at the output of an n-stage register delayed 
by a time (n — 1)T = A. 


Sequence Generator An important application of a shift register is to 
generate a binary sequence. This system is also called a word, code, or character, 
generator. The shift register FLIP-FLOPS are preset to give the desired code. 
Then the clock applies shift pulses, and the output of the shift register gives the 
temporal pattern corresponding to the specified sequence. Clearly, we have 
just described a parallel-in, series-out register. For test purposes it is often 
necessary that the code be repeated continuously. This mode of operation is 
easily obtained by feeding the output Qo of the register back into the serial 
input to form a “reentrant shift register.” Such a configuration is called a 
dynamic, or circulating, memory, or a shaft-regisier read-only memory. 

Sequence generators without presetting are possible’! by feeding back to 
the input not simply Qo, but rather the output from some combinational logic 
circuit whose inputs are obtained from Qo, Q1, Q2, . . . . Also, the output may 
be delivered from another combinational logic circuit whose inputs are Qo, Q1, 


Qo... 


Shift-register Ring Counter!” Consider the 5-bit shift register (Fig. 17-34) 
with Q» connected to the serial input. Such a circulating memory forms a 
ring counter. Assume that all rirp-ruops are cleared and then that FIO is 
preset so that Qo = 1 and Qi = Qs = Q@2 = Qi = 0. The first clock pulse 
transfers the state of FIFO to FF4, so that after the pulse Q, = 1 and 


Qs = Qo = Qi = Qo = 0 


Succeeding pulses will transfer the state 1 progressively around the ring. The 
count is read by noting which Furp-rior is in state 1; no decoding is necessary. 

Consider a ring counter with N stages. If the interval between triggers 
is T, then the output from any binary stage is a pulse train of period NT, with 
each pulse of duration 7. The output pulse of one stage is delayed by a time 
T from a pulse in the preceding stage. These pulses may be used where a set 
of sequential gating waveforms is required. Thus a ring counter is analogous 
to a stepping switch, where each triggering pulse causes an advance of the 
switch by one step. 

Since there is one output pulse for each N clock pulses, the counter is 
also adivide-by-N unit, or an N:1 scaler. Typically, TTL shift-register counters 
operate at frequencies as high as 25 MHz. 
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Twisted-ring Counter’? The topology where Q, (rather than Qo) is fed 
back to the input of the shift register is called a éwisted-ring, or Johnson, counter. 
This system is a 2N:] scaler. To verify this statement consider that initially 
all stages in Fig. 17-34 are in the 0 state. Since 8, = Gy = 1, the first pulse 
puts FF4 into the 1 state; Qs = 1, and all other rure-rnoprs remain in the 0 
state. Since now S; = Q1 = 1 and S4 remains in the 1 state, then after the 
next pulse there results Q, = 1, Qs = 1, Q@2 = 0, Q: = 0, and Q, =0. In 
other words, pulse 1 causes only Q, to change state, and pulse 2 causes only Q3 
to change from 0 to 1. Continuing the analysis, we see that pulses 3, 4, and 5 
cause Qe, Qi, and Qo, in turn, to switch from the 0 to the 1 state. At the end of 
five pulses all riip-FLops are in the | state. 

After pulse 5, Si = Qo changes from 1 to 0. Hence the sixth pulse causes 
Q, to change to 0. The seventh pulse resets Q; to 0, and so on, until, at the 
tenth pulse, all stages have been returned to the 0 state, and the counting cycle 
is complete. We have demonstrated that this five-stage twisted-ring con- 
figuration isa 10:1 counter. To read the count requires a 5-to-10-line decoder, 
but because of the unique waveforms generated, only two-input AND gates are 
required (Prob. 17-37). 

IOS shift registers are considered in Sec. 17-16. 


17-12 RIPPLE (ASYNCHRONOUS) COUNTERS:}3 


The ring counters discussed in the preceding section do not make efficient use 
of the ruip-FLops. A 5:1 counter (or 10:1 with the Johnson ring) is obtained 
with five stages, whereas five rirp-rLops define 2° = 32 states. By modifying 
the interconnections between stages (not using the shift-register topology), we 
now demonstrate that n binaries can function as a 2":1 counter. 


Ripple Counter Consider a chain of four J-K master-slave FLIP-FLOPS 
with the output Q of each stage connected to the clock input of the following 
binary, as in Fig. 17-35. The pulses to be counted are applied to the clock 


Q, Q; 
I, 4, A Qs 
dl Ck FFO Ck FF3 
eK, a, K, Qa, 
$ (MSB) 
(LSB) 


Fig. 17-35 A chain of Fup-riops connected as a ripple counter. 
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input of FF0. For all stages J and K are tied to the supply voltage, so that 
J — K =1. This connection converts each stage to a T-type FLIP-FLOP (Fig. 
17-33), with 7 = 1. 

It should be recalled that, for a T-type binary with T = 1, the master 
changes state every time the waveform at its clock input changes from 0 to I 
and that the new state of the master is transferred to the slave when the clock 
falls from 1 to 0. This operation requires that 


1. Qo ehanges state at the falling edge of each pulse. 

2, All other Q’s make a transition when and only when the output of the 
preceding FLIP-FLOP changes from 1 to 0. ‘This negative transition “ripples” 
through the counter from the LSB to the AISB. 


Following these two rules, the waveforms in I’ig. 17-36 are obtained. 
Table 17-9 lists the states of all the binaries of the chain as a function of the 


TABLE 17-9 States of the rurp-FLops 


in Fig. 17-35 
é FLIP-FLOP outputs 
Number of 
input pulses Qs Or a Qo 
0 0 0 0 0 
1 0 0 0 
2 0 0 1 0 
3 0 0 1 
4 0 1 0 0 
3 0 ] 0 
6 Q 1 1 0 
7 0 1 1 
8 1 0 0 0 
9 1 0 0 
10 1 0 1 0 
11 i 0 1 
12 1 1 0 0 
13 1 1 0 1 
14 1 1 1 0 
15 1 ] J 1 
16 0 0 0 0 


number of externally applied pulses. This table may be verified directly by 
comparison with the waveform chart of ig. 17-86. Note that in Table 17-9 
the Fiip-FLops have been ordered in the reverse direction from their order in 
Fig. 17-35. We observe that the ordered array of states 0 and 1 in any row in 
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Input pulses 


Fig. 17-36 Waveform chart for the four-stage ripple counter. 


Table 17-9 is precisely the binary representation of the number of input pulses 
as given in Table 6-2. Thus the chain of Firp-ruops counts in the binary 
system. . 

A chain of » binaries will count up to the number 2+ before it resets itself 
into its original state. Such a chain is referred to as a counter modulo 2”, 
To read the counter, the 4-bit words (numbers) in Table 17-9 are recognized 
with a decoder, which in turn drives visible numerical indicators (Sec. 17-4). 
Spikes are possible in any counter unless all ri1p-FLOPs change state simultane- 
ously. To eliminate the spikes at the decoder output, a strobe pulse is used 
(S in Fig. 17-20) so that the counter is read only after the spikes have decayed 
and a steady state is reached. 


Up-Down Counter A counter which can be made to count in either the 
forward or reverse direction is called an up-down, a reversible, or a forward- 
backward, counter. Forward counting is accomplished, as we have seen, when 
the trigger input of a succeeding binary is coupled to the Q output of a pre- 
ceding binary. The count will proceed in the reverse direction if the coupling 
is made instead to the Q output, as we shall now verify. 

If a binary makes a transition from state 0 to 1, the output Q will make 
a transition from state 1 to0. This negative-going transition in Q will induce 
a change in state in the succeeding binary, Henee, for the reversing con- 
nection, the following rules apply: 


1. Fiip-FLoP F'FO makes a transition at each externally applied pulse, 
2. Hach of the other binaries makes a transition when and only when the 
preceding FLIP-FLOP goes from state 0 to state 1. 
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If these rules are applied to any of the numbers in Table 17-9, the next 
smaller number in the table results. Jor example, consider the number 12, 
which is 1100 in binary form. At the next pulse, the rightmost 0 (correspond- 
ing to Qs) becomes 1. This change of state from 0 to 1 causes Qi to change 
state from 0 to 1, which in turn causes Q2 to change state from 1to0. This 
last transition is in the direction not to affect the following binary, and hence 
Qs remains in state 1. The net result is that the counter reads 1011, which 
represents the number 11. Since we started with 12 and ended with 11, a 
reverse count has taken place. 

The logic block diagram for an up-down counter is indicated in Fig. 17-37. 
For simplicity in drawing, no connections to J and K are indicated. For a 
ripple counter it is always to be understood that J = K = 1 asin Fig. 17-35. 
The two-level anp-oR gates CG1 and CG2 between stages control the diree- 
tion of the counter. Note that this logic combination is equivalent to a 
NAND-NAND configuration (Fig. 6-22). If the input X is a 1 (0), then Q (Q) is 
effectively connected to the following FLIP-FLOP and pulses are added (sub- 
tracted). In other words, X = 1 converts the system to an up counter and 
X = 0 to a down counter. 


Divide-by-N Counter It may be desired to count to a base N which is 
not a power of 2. We may prefer, for example, to count to the base 10, since 
the decimal system is the one with which we are most familiar. To construct 
such a counter, start with a ripple chain of m riip-rLops such that » is the 
smallest number for which 27 > N. Add a feedback gate so that at count V 
all binaries are reset to zero. This feedback circuit is simply a NAND gate 
whose output feeds all clear inputs in parallel. Each input to the NAND gate 
is @ FLIP-FLOP output Q which becomes 1 at the count NW. 

Let us illustrate the above procedure for a decade counter. Since the 
smallest value of 7 for which 27 > 10 is » = 4, then four FLip-FLOpPs are 
required. The decimal number 10 is the binary number 1010 (LSB), and 
hence Qo = 0, Q:1 = 1, Q2 = 0, and Q; = 1. The inputs to the feedback 
NAND gate are therefore Qi and Qs, and the complete circuit is shown in 


To 


Control next stage 
all 
X= 1,up 
X = 0, down > — 


Fig. 17-37. An up-down ripple counter. (It is understood that J = K = 1.) 
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Pulses 2 P, (clear) 
Ck Ck 


Fig. 17-38 (a) A decade counter (J = K = 1); (b) a latch to elimi- 
nate resetting difficulties (due to unequal internal delays). 


Fig. 17-38a. Note that after the tenth pulse Q: and Q3 both go to 1, the 
output of the NaND gate becomes 0, and all FLrp-FLops are cleared (reset to 0). 
(Note that Qi and Q; first become 1’and then return to O after pulse 10, 
thereby generating a narrow spike.) 

If the propagation delay from the clear input to the FLIP-FLOP output 
varies from stage to stage, the clear operation may not be reliable. In the 
above example, if FF3 takes appreciably longer time to reset than FFI, then 
when Q, retutns to 0, the output of the NAND gate goes to I, so that Cr = 1 
and Q, will not reset. Wide variations in reset propagation time may occur 
if the counter outputs are unevenly loaded. A method of eliminating the 
difficulty with resetting is to use a latch to memorize the output of the NAND 
gate at the Nth pulse. The lead in Fig. 17-38a between the NAND output P, 
and the clear input P2 is opened, and the circuit drawn in Fig. 17-380 is inserted 
between these two points. The operation of the latch is considered in detail 
in Prob, 17-41. 

A divide-by-6 counter is obtained using a 3-bit ripple counter, and since 
for N = 6, Qi = 1 = Qs, then Q, and Qz are the inputs to the feedback 
NAND gate. Similarly, a divide-by-7 counter requires a three-input NAND gate 
with inputs Q:, Qs, and Qs. 

In some applications it is important to be able to program the count (the 
value of N) of a divide-by-N counter, either by means of switches or through 
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control data inputs at the preset terminals. Such a programmable or pre- 
settable counter is indicated in the figure of Prob. 17-42. 

Consider that it is required to count up to 10,000 and to indicate the 
count visually in the decimal system. Since 10,000 = 10%, then four decade- 
counter units, such as in Tig. 17-88, are cascaded. A BCD -to-decimal 
decoder/lamp driver (Sec. 17-4) or a BCD-to-seven-segment display decoder 
(Sec. 17-8) is used with each unit to make visible the four decimal digits 
giving the count. 


17-13 SYNCHRONOUS COUNTERS® 


The carry propagation delay is the time required for a counter to complete its 
response to an input pulse. The carry time of a ripple counter is longest 
when each stage is in the 1 state. For in this situation, the next pulse must 
cause all previous FLIP-FLOPS to change state. Any particular binary will not 
respond until the preceding stage has nominally completed its transition. The 
clock pulse effectively ‘‘ripples” through the chain. Hence the carry time will 
be of the order of magnitude of the sum of the propagation delay times (Sec. 
6-15) of all the binaries. If the chain is long, the carry time may well be 
longer than the interval between input pulses. In such a case, it will not be 
possible to read the counter between pulses. 

If the asynchronous operation of a counter is changed so that all riip- 
FLops are clocked simultaneously (synchronously) by the input pulses, the 
propagation delay time may be reduced considerably. Repetition rate is 
limited by the delay of any one rirp-FLop plus the propagation times of any 
control gates required. Typically, the maximum frequency of operation of a 
4-bit synchronous counter using TTL logic is 32 \IHz, which is about twice 
that of a ripple counter. Another advantage of the synchronous counter is 
that no decoding spikes appear at the output since all FL1p-FLops change state 
at the same time. Hence no strobe pulse is required when decoding a syn- 
chronous counter. 


Series Carry A 5-bit synchronous counter is indicated in Fig. 17-39. 
Each FLIP-FLOP is a T type, obtained by tying the J terminal to the K terminal 
of a.J-K ruip-FLop (Irig. 17-33). If T = 0, there is no change of state when the 
binary is clocked, and if 7 = 1, the rirp-rLop output is complemented with 
each pulse. 


The connections to be made to the 7 inputs are deduced from the wave- 
form chart of I’ig. 17-36. 


Qo toggles with each pulse: To 


lI 


1 

Q; complements only if Qo = 1: T, = Qa 

Q» becomes @: only if Qo = Q: = 1: T, = QoQ1 
Qs toggles only if Qo = Qi = Qe = 1: Ts = QoQ1Q2 
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a Q, Qe Qs Qs 


Q; a, 
Ck FF3 — Ck FF4 
Ts a T; a, 


T2Q2 Bb 


Fig. 17-39 A 5-bit synchronous counter with series carry (J = K = T). 


Extending this logic to Q1, we conclude that 7s = QoQ:Q2Qs, ete. Therefore 
the 7 logic is given by 


To =1 T; = Qo T. = TiQ, Ts = T.Qe T, = T:Qs 
(17-25) 


Clearly, the two-input anp gates of Fig. 17-39 perform this logic. 
The minimum time 7ymin between pulses is the interval required for each 
J and K node to reach its steady-state value and is given by 


Pin = Tr + (2 — 2)Te (17-26) 


where Tr is the propagation delay of one Fitp-rLoP, and Tg is the propagation 
delay of one anp gate (actually, a NAND gate plus an INVERTER). The maxi- 
mum pulse frequency for series carry is the reciprocal of Tinin. 


Parallel Carry Since the carry passes through all the control gates in 
series in Fig. 17-39, this is a synchronous counter with series, or ripple, carry. 
The maximum frequency of operation can be improved by using parallel, or 
look-ahead, carry, where the toggle input to each binary comes from a multi- 
input AND gate excited by the outputs from every preceding FLIP-FLOP. From 
Eq. (17-25) it follows that 


T, = Qo T. = QoQi Ls = QoQ1Q2 T's = QoQi1Q2Q; (17-27) 


Hence Ts isobtained from a four-input anp gate fed by Qo, Qi, Qo, and Q3. 
Clearly, for parallel carry, 


Pmn = Tr + Te , . (17-28) 
which may be considerably smaller than the corresponding time for series carry 
given by Eq. (17-26), particularly if x is large (high division ratios). 

The disadvantages of a parallel-carry counter are: (1) The large fan-in of 
the gates; the gate feeding T, requires k inputs. (2) The heavy loading of the 
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FLIP-FLOPS at the beginning of the chain; the fan-out of Qo is » — 1, since it 
must feed the carry gates of every succeeding stage. 


Up-Down Synchronous Counter with Parallel Carry As explained in the 
preceding section, a counter is reversed if Q is used in place of Q in the coupling 
from stage to stage. Hence a synchronous up-down counter is obtained if the 
control gates CG of Fig. 17-37 are interposed between the ruip-rLors of Fig. 
17-39. This modification to an up synchronous counter is made in Fig. 17-40, 
where CG is now indicated as a NAND-NAND gate (equivalent to the anp-oRr 
logic of Fig. 17-37). Note that CG1 is identical in Figs. 17-37 and 17-40. All 
control gates in the ripple counter are two-input gates, whereas in the syn- 
chronous counter the fan-in for CG2 is 3, for CG3 is 4, etc. The extra input 
leads to the gates, as required by Eq. (17-27), are used for the parallel carry. 
In other words, the CG blocks in Fig. 17-40 perform both the up-down and the 
parallel-carry logic. 


Synchronous Decade Counter Design of a system which is to divide 
by a number that is not a multiple of 2is much more difficult for a synchronous 
than for a ripple counter. Control matrices (Karnaugh maps) are used'%14 
to simplify the procedure. 

With a great deal of patience and intuition, the design may be carried out 
from direct observation of the waveform chart. Consider, for example, the 
synthesis of a synchronous decade counter with parallel carry. The waveform 
ehart is that given in Fig. 17-36 except that afier the tenth pulse all waveforms 
return to 0. Since Qo = 0 and Q: = 0 after the tenth pulse, I'l'0 and 'l2 are 
excited as in the 16:1 synchronous counter. Hence, from Eq. (17-25), 


To =Jo= Kyo =1 T, = Je = Kr = QoQi (17-29) 


We note from Fig. 17-36 that FF1 toggles if Qo = 1. However, to prevent 
Qi from going to 1 after the tenth pulse, it is inhibited by Q3. These statements 
are equivalent to the statement 


T, =J, = Ki = QQs (17-30) 


Finally, we wish FF3 to change state from 0 to 1 after the eighth pulse and to 
return to 0 after the tenth pulse. If 


J3 = QQ102 Kz: = Qo (17-31) 


then the desired logic is followed because Qo = Qi = Qe = 1, so that J3 = 1, 
K; = 1, before pulse 8, whereas Qo = 1, GQ: = 0, and Q2 = 0, so that J; = 0, 
K; = 1, before pulse 10. The implementation of Eqs. (17-29) to (17-31) is 
given in the logic block diagrams of Fig. 17-41. 

Synchronous up-down decade counters are available commercially (for 
example, TI 74192) on asingle chip. Such a counter has the complexity of 54 
equivalent gates, and hence is an example of AISI. The riip-rLops are pro- 
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Fig. 17-41 A synchronous decade counter with parallel carry. 


vided with preset and clear inputs not indicated in Fig. 17-41. Division by a 
number other than 10 or a multiple of 2 is usually not commercially available 
and must be programmed as explained above. 


17-14 APPLICATIONS OF COUNTERS 


Many systems, including digital computers, data handling, and industrial con- 
trol systems, use counters. We describe briefly some of the fundamental 
applications. 


Direct Counting Direct counting finds application in many industrial 
processes. Counters will operate with reliability where human counters fail 
because of fatigue or limitations of speed. It is required, of course, that the 
event which is to be counted first be converted into an electrical signal, but this 
requirement usually imposes no important limitation. Jor example, objects 
may be counted by passing them single-file on a conveyor belt between a photo- 
electric cell and a light source. 

The preset input allows control of industrial processes. The counter may 
be preset so that it will deliver an output pulse when the count reaches a pre- 
determined number. Such a counter may be used, for example, to count the 
number of pills dropped into a bottle. When the preset count is attained, the 
output pulse is used to divert the pills to the next container and at the same 
time to reset the counter for counting the next batch. 


Divide-by-N There are many applications where it is desired to change 
the frequency of a square wave from f to f,,N, where N is some multiple of 2. 
From the waveforms of Fig. 17-36 it is seen that a counter performs this function. 
If instead of square waves it is required to use narrow pulses or spikes for 
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system synchronization, these may be obtained from the waveforms of Fig. 
17-36. A small RC coupling combination at the counter output, as in Fig. 
16-34a, causes a positive pulse to appear at each transition from 0 to 1 and a 
negative pulse at each transition from 1 to0. If now we count only the positive 
pulses (the negative pulses may be eliminated, say, by using a diode), it appears 
(Fig. 16-34e) that each binary divides by 2 the number of positive pulses applied 
to it. The four binaries together accomplish a division by a factor 24 = 16, 
A single negative pulse will appear at the output for each 16 pulses applied at 
the input. A chain of 1 binaries used for this purpose of dividing or scaling 
down the number of pulses is referred to as a scaler. Thus a chain of four 
FLIP-FLOPS constitutes a scale-of-16 circuit, ete. 


Measurement of Frequency The basic principle by which counters are 
used for the precise determination of frequency is illustrated in Fig. 17-42. 
The input signal whose frequency is to be measured is converted into pulses by 
means of the zero crossing detector and applied through an anp gate to a 
counter. To determine the frequency, it is now only required to keep the gate 
open for transmission for a known time interval. If, say, the gating time is 
1s, the counter will yield the frequency directly in cycles per second (hertz). 
The clock for timing the gate interval is an accurate crystal oscillator whose 
frequency is, say, 1 MHz. The crystal oscillator drives a scale-of-105 circuit 
which divides the crystal frequency by a factor of 1 million. The divider 
output consists of a 1-Hz signal whose period is as accurately maintained as 
the crystal frequency. This divider output signal controls the gating time by 
setting a toggle riip-rLop to the 1 state for 1s. The system is susceptible to 
only slight errors. One source of error results from the fact that a variation of 
+1 count may be obtained, depending on the instant when the first and last 
pulses occur in relation to the sampling time. Beyond these, of course, the 
accuracy depends on the accuracy of the crystal oscillator. 


Measurement of Time The time interval between two pulses may also 
be measured with the circuit of Fig. 17-42. The rurp-rtop is now converted 
into set-reset type, with the first input pulse applied to the S terminal, the 
second pulse to the R terminal, and no connection made to Ck. With this 
configuration the first pulse opens the ann gate for transmission and the second 
pulse closes it. The crystal-oscillator signal (or some lower frequency from the 
divider chain) is converted into pulses, and these are passed through the gate 
into the counter. The number of counts recorded is proportional to the length 
of time the gate is open and hence gives the desired time interval. 


Measurement of Distance In radar or sonar systems a pulse is trans- 
mitted and a reflected pulse is received delayed by atime T. Since the velocity 
of light (or sound) is known, a measurement of the interval T, as outlined above, 
gives the distance from the transmitter to the object from which the reflection 
was received. 
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Fig. 17-42 A system for measuring frequency by means of a 
counter. 


Measurement of Speed A speed determination may be converted into 
a time measurement. For example, if two photocell-light-source combinations 
are set a fixed distance apart, the average speed of an object passing between 
these points is inversely proportional to the time interval between the gen- 
erated pulses. Projectile velocities have been measured in this manner. 


Digital Computer In a digital computer a problem is solved by sub- 
jecting data to a sequence of operations in accordance with the program of 
instructions introduced into the computer. Counters may be used to count 
the operations as they are performed and to call forth the next operation from 
the memory when the preceding one has been completed. 


Waveform Generation The waveforms which occur at the collectors or 
bases of binary counters may be combined either directly or in connection with 
logic gates to generate desirable pulse-type waveforms. Such waveforms are 
used for sequential data selection and parallel-to-serial conversion, as described 
in Sec. 17-5. 


Conversion between Analog and Digital Information These systems 
are considered in Secs. 17-19 and 17-20. 


Ill, MOS/LSI DIGITAL SYSTEMS 


17-15 DYNAMIC MOS CIRCUITS 


The first commercial MOSFET (abbreviated MOS) circuits appeared in 1964, 
and since then they have continued to increase in popularity because of their 
high packing density, small power consumption, and low cost. As many as 
5,000 MOS devices are fabricated on a chip 150 by 150 mils square. Such LSI 
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construction makes possible very large \IOS shift registers and memories, 
described in Sees. 17-16 to 17-18. ALany. of these systems are operated syn- 
chronously. Hence a discussion of such clocked (called dynamic MOS) circuits 
follows. The operation of nonclocked (de stable) digital 11OS gates is described 
in Sec. 10-6 and should be reread before proceeding further. Note that 
p-channel devices are used with negative logic so that the 0 state is 0 V and the 
1 state is —10 V. 

Dynamic MOS circuits make use of the parasitic capacttance between gate 
and subsiraile to provide temporary clorage. This storage can be made permanent 
using refreshing operations by means of clock waveforms. Since the leakage 
of the gate circuit is extremely low, the time constants are of the order of 
milliseconds, and to maintain the stored data, the refreshing or cycling must 
not be allowed to fall below come minimum rate, typically 1 kHz. 


Dynamic MOS Inverter*!® The circuit of Fig. 17-48 shows a dynamic 
AIOS inverter which requires a train of clock pulses ¢ for proper operation. 
Compare this circuit with the static [OS inverter of Fig. 10-15. When the 
clock ¢ is at 0 V, transistors Q2 and Q3 are orr and the power supply is dis- 
connected from the circuit and delivers essentially no power. When the clock 
pulse is at —10 V, both Q2 and Q3 are on and inversion of the input V; takes 
place. Thus, if ¥V; = —10 V, Q1 is on and the output is V, ~ 0, whereas if 
VY; = 0 V, then Q1 is orr and the output becomes V. ~ —Vpp (say —10 V). 
During the time the clock is at 0 V, the output capacitor C' retains its charge, 
and thus the output remains at —Vpp. The eapacitor typically has a value of 
0.5 pl’, and it represents the parasitic capacitance of Q3 between source and 
ground. 

The inverter discussed above has been called a ratio inverter. The name 
derives from the fact that when the input is low and the clock is low, transistors 
QI and Q2 form a voltage divider between —Vpp and ground. ‘Therefore the 
output voltage V. depends on the ratio of the on resistance of Q1 and the 
effective load resistance of Q2 (typically, <1:5). This ratio is related to the 
physical size of Q1 and @Q2 and is often referred to as the aspect ratio. 

Tigure 17-44 shows a dynamic p-channel \[OS nanp gate, corresponding 
to the static Nanp of Fig. 10-17. A dynamic \IOS nor is constructed by 
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Fig. 17-43 Dynamic MOS inverter. 
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modifying the circuit of Fig. 10-18 in a similar manner. The reader should 
verify that the dynamic circuits dissipate less power than the corresponding 
static circuits. 


Two-phase MOS The inverter shown in Fig. 17-45a consists of three 
p-channel enhancement devices and dissipates almost no power due to the 
fact that two clock trains are used in the phase sequence shown in Fig. 17-45b. 
During the clock pulse ¢: (precharge clock), the parasitic capacitor C is charged 
to —Vpp. Clock pulse $2, which comes after ¢1, performs the inversion. If 
V;is at —10 V, Q3 is turned on, and since Q2 is also on, the capacitor discharges 
to ground and the output becomes0 V. If V; = 0 V, then Q3 is orr, Q2 is on, 
and there is no path to ground for C to discharge. Thus VY, remains at — Vpp. 
We note that, except during switching, all of the transistors Q1, Q2, and Q3 are 
always OFF and quiescent power dissipation is of the order of 10 nW for 
—Vpp = —10V. The circuit has no de current path regardless of the state of 
the clocks or the data stored on the parasitic capacitor C. Such a circuit has 
the significant advantage in that its output does not depend on the ratio of the 


oa Yop 


Clock ¢,0—| qi 


os 


(a) (b) 
Fig. 17-45 (a) Two-phase MOS inverter. (b) Timing of clock pulses @; and @». 
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resistances of any of its devices; therefore all devices can be of minimum 
geometry, reducing the chip size for a given number of gates. Circuits that 
use the above feature are called radioless powerless. 


17-16 MOS SHIFT REGISTERS 


Bipolar and MOS shift registers can be used for the same purpose. However, 
if a large number of bits are involved, the MOS shift registers are preferred 
over bipolar circuits because they are more economical (in power and cost) and 
are smaller in size. Typical applications for \IOS shift registers are calculators, 
display systems, refresh memories, scratch-pad memories, buffer memories, 
communication equipment, computer peripherals, and delay lines. MOS shift 
registers are available (1971) with from several hundred up to 1,024 bits of 
storage and shifting rates which run up to 5 MIHz for p-channel devices and up 
to 15 MHz for n-channel MMOS transistors. Various configurations can be 
supplied, such as serial-in, serial-out or serial-in, parallel-out or parallel-in, 
serial-out. For the sake of simplicity and because of their popularity, we shall 
treat only serial-in, serial-out registers in this section. 


Dynamic MOS Shift Register!®!7 There are two types of MOS shift 
registers, dynamic and static (more properl: called de stable). In a dynamic 
shift register each information bit is stored on the gate capacitance of a device 
and is transferred by pulsing the subsequent inverter. A typical MOS dynamic 
shift register stage is shownin Fig. 17-46. Ituses the 2-phase clock pulses of Fig. 
14-456. Each stage of the register requires six MOSFETs. The input to the 
stage is the charge on the gate capacitance, such as C1 of Q1, deposited there by 
the previous stage. When clock ¢1 goes negative (for p-channel devices), 
transistors Q1 and Q2 form an inverter. The common node of Q1, Q%. and Q3 
approaches +V ss if the charge on Ci is negative enough to turn Q1 on, or it 
approaches —Vpp if the charge is positive and Q1 is orr. We should note 
that during the time ¢: is negative, Q3 is on and the gate capacitance C2 of Q4 
gets charged to either +Vss or —Vpp. When 4; is removed, C2 retains the 
charge. Pulsing ¢2 negative then shifts and inverts the data, depositing the 
charge on C3. The information at C; is identical with that on C, at A, but 
delayed by an amount predetermined by the clock period. The combination 
Q1Q2Q3 can be called the master inverter, and Q4Q5Q6 the slave section. To 
retain data stored in the register, the rate at which the data are clocked through 
the circuit must not fall below some minimum value. 

A typical two-phase dynamic MOS shift register is the Texas Instruments 
TI 3401LC 512-bit register. The entire device is constructed using MOS 
p-channel, low-threshold devices. It operates at a minimum clock rate of 20 
kHz and maximum rate of 5 \[Hz. Both input and output are directly com- 
patible with TTL integrated circuits, and the power dissipation is 0.2 mW/bit 
at 1 MHz. 
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Fig. 17-46 A two-phase dynamic MOS shift register. The clock 
pulses have the waveshapes indicated in Fig. 17-45b, but the binary 
levels are +5 V and —12V. 


Static MOS Shift Registers A “static” shift register is de stable and 
can operate without a minimum clock rate. That is, it can store data indefi- 
nitely provided that power is supplied to the circuit. However, static shift- 
register cells are larger than the dynamic cells and consume more power. As 
shown in Fig. 17-47, the stage consists of a pair of static inverters with unclocked 
loads (Fig. 10-17) cross-connected through two transmission gates Q3 and Q6. 
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Fig. 17-47 (a) Basic MOS static shift-register cell; (b) timing diagram of static 
shift-register clocks. 
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When both clocks $2 and $3 are low, the feedback loop is closed and the two 
inverters form a FLIP-FLOP, or latch (Fig. 17-27a). In this condition the cell 
will hold information indefinitely. 

Under normal conditions information is shifted by pulsing ¢: and ¢», 
very much as in the two-phase shift register of Fig. 17-46. As long as the 
clocking frequency is high, the static shift register operates in the same manner 
as the dynamic shift register, with the feedback loop open (clock $3 at a high 
value). When the frequency falls below a certain level, ¢3 is generated 
internally (on the chip). Clock $3 is identical with ¢2, except that it is delayed 
(slightly) by A with respect to ¢2. This signal gs is used to close the feedback 
loop. An example of a static shift register is the TI 3101LC, which is a dual 
100-bit unit. Each register has independent input and output terminals, 
common clocks, and power leads (nominal values Vss = +5 V, Von = 0 Vv, 
and —Veq = —12 V), and can operate from de to 2.5 MHz. The AMIOS gate 
inputs are protected with Zener diodes and can be driven directly from DTL/ 
TTL voltage levels, and the register outputs can drive DTL/TTL circuits 
without the addition of external components. Two external clocks ¢1 and ¢» 
are required for operation. Data are transferred into the register when clock 
pulse ¢: is at low level, and data are shifted when clock pulse ¢; is returned to 
high level (typically, +5 V) and clock pulse ¢: is pulsed to low level. For 
long-term storage, clock pulsed $1 must be held at a high level and clock pulses 
dé: and ¢3 at a low level. 


Four-phase Shift Register)? Four-phase shift registers are used for very 
high density circuits operating at very high speeds. Figure 17-48 shows the 
basic cell of a four-phase dynamic shift register. When clock ¢1 is low, Q1 is 
on and capacitor C, charges essentially to the low value of the clock. Clock 
pulse ¢2 turns on transistor Q2, which is biased by the de voltage on capacitor 
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Fig. 17-48 (a) Four-phase MOS shift register. (b) Clock timing diagram (the 
store input refers to Fig. 17-49). 
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Fig. 17-49 Functional 
diagram of the TI 3309JC 
twin 512-bit dynamic four- Store 


. Output 
phase shift register. roe 
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C,. At the presence of an input data signal the output on capacitor C, takes a 
voltage level which corresponds to the complement of the input. The above 
process is repeated by the slave section Q4Q5Q6, so that the information from 
capacitor C, is transferred to C2 at the output, after clock pulse ¢3 and during 
clock pulse ¢1. The reader should verify that even when the clocks overlap, 
there is no de current path in this circuit. The only power dissipated arises 
from the charge and discharge of the various parasitic capacitances. An 
example of a four-phase dynamic MOS shift register is the TI 3309JC shown in 
Fig. 17-49. This device consists of two 512-bit registers constructed on a 
monolithic chip using p-channel enhancement-mode transistors. The chip 
contains independent control logic for recirculating information for each register 
and separate clock lines. Operation at repetition rates from 10 kHz to 5 MHz 
is possible, and power dissipation is less than 90 u.W/bit at 1 MHz. The timing 
diagram for the clocks, the data, and.the store (see below) are given in Fig. 
17-48. Input data are transferred into the register after the end of clock pulse 
#, and before the end of clock pulse ¢2. Output data appear after the end of 
clock pulse ¢3 and before the termination of the ¢, clock pulse. Data stored 
in the shift register can be recirculated during the time interval 7, if a store 
pulse of length 7’, is applied at the store terminal (Fig. 17-49), provided the store 
pulse overlaps the trailing edge of clock pulse ¢3. The TI 3309JC is mounted 
in a 16-pin hermetically sealed dual-in-line package. It is interesting to note 
that this monolithic device contains 2 X.512 X 6 = 6,144 MOSFETs, exclu- 
sive of the control circuitry. 


17-17 MOS READ-ONLY MEMORY?! 


The RONAI is discussed in Sec. 17-7, where it is seen (Fig. 17-24) to consist of a 
decoder, followed by an encoder (memory matrix). Consider, for example, a 
10-bit input code, resulting in 2!° = 1,024 word lines, and with 4 bits per out- 
put code. The memory matrix for this system consists of 1,024 X 4 inter- 
sections, as indicated schematically in Fig. 17-50. The code conversion to be 
performed by the ROM is permanently programmed during the fabrication 
process by using a custom-designed mask so as to construct or omit an MOS 
transistor at each matrix intersection. Such an encoder is indicated in Fig. 
17-50, which shows how the memory FETs are connected between word and 
bit lines. 
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Fig. 17-50 MOS read-only-memory encoder. (Although 
there are a total of 1,024 word lines present, only 5 of these 
are indicated.) 


In Sec. 17-7 it is demonstrated that the relationship between the output 
bits Y and the word lines W is satisfied by the logic or function. Consider, 
for example, that it is required by the desired code conversion that 


Yo Wo + W. ¥4 i Wi 
Y, Wi + W, + Ws00 Ys = Wo + Woo 


(17-32) 


These relationships are satisfied by the connections in Fig. 17-50. The nor 
gate for Yo of Eq. (17-32) is precisely that drawn in Fig. 10-18, with Q3 as the 
load FET and with signals Wy and W, applied to the gates of Q2 and Q1, 
respectively. 

The presence or absence of a MOS memary cell at a matrix intersection is 
determined during fabrication in the oxide-gate mask step. If the MOSFET 
has a normal thin-oxide gate, its threshold voltage Vr is low; if the gate oxide 
is thick, then Vr is high. In response to a negative pulse on the word line, the 
low-threshold device will conduct. and a logic 0 (because of inverter action) 
will be detected on the bit line. On the other hand, if a negative pulse is applied 
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Fig. 17-51 MOS read-only-memory matrix. (Only word 
lines Wo and W500 and bit lines Yo and Y; corresponding 
to Fig. 17-50 are indicated.) 


to the thick-oxide gate (high-threshold device), it does not conduct; it is effec- 
tively missing from the circuit. In other words, growing a thick-oxide gate at 
a matrix location is equivalent to not constructing an MOSFET at this position, 
as shown in Fig. 17-51. 

In a static ROM no clocks are needed. The time required for a valid 
output to appear on the bit lines from the time an input address is applied to 
the memory is defined as the access time (~300 ns to 5 us). In astatic ROM 
the output is available as long as the input address remains valid. An example 
of a static MOS ROM is the TI 2800JC (16-pin dual-in-line package) which 
consists of 256 words of 4 bits each for a total of 1,024 bits and with maximum 
access time of 900 ns. 

The decoder in a static MOS ROM (Fig. 17-24) contains NAND gates which 
are static. Power dissipation as a result is relatively high. In the case of the 
TI 2800JC, power dissipation is typically 170 mW if all outputs are at their 
most positive voltage (logic 0). A dynamic RONI uses clocked or dynamic 
inverters in the decoder and requires a minimum clock rate, since otherwise the 
information is lost. However, its power dissipation is lower than for a static 
ROM. Most commercial ROMs are static because of the advantages of requir- 
ing no clocks and of giving an output which remains valid as long as the input 
address is applied. 


17-18 RANDOM-ACCESS MEMORY (RAM)!738 


The random-access memory, abbreviated RAM, is an array of storage cells 
that memorize information in binary form. In such a memory, as contrasted 
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with an ROMI, information can be randomly written into or read out of each 
storage element as required, and hence the name random-access, or read/write, 
memory. The basic monolithic storage cell is the lateh, or FLIP-FLOP, discussed 
in Sec. 17-9. 


Linear Selection To understand how the RAM operates we examine the 
simple 1-bit S-R Furp-FLop circuit shown in Fig. 17-52, with data input and 
output lines. From the figure we see that to read data out of or to write data 
into the cell, it is necessary to excite the address line (X = 1). To perform the 
write operation, the write enable line must also be excited. If the write input 
is a logic 1(0), then S = 1(0) and R = 0(1). Hence Q = 1(0), and the data 
read out is 1(0), corresponding to that written in. 

Suppose that we wish to read,’write 16 words of 8 bits each. This system 
requires eight data inputs and eight data output lines. A total of 16 x 8 = 128 
storage cells must be used. Of this number, 8 cells are arranged in a horizontal 
line, all excited by the same address line. There are 16 such lines, each excited 
by a different address. In other words, addressing is provided by exeiting 1 of 
16 lines. This type of addressing is called linear selection (Prob. 17-51). 


Coincident Selection An ROM memory of sixteen 8-bit words has 
16 lines with 8 storage cells per line, if linear addressing is used. A more 
commonly used topology is to arrange 16 memory elements in a rectangular 
4X4 array, each cell now storing one bit of one word. Eight such matrix 
planes are required, one for each of the 8 bits in each word. 

One plane of the above-described arrangement of cells is indicated in Fig. 
17-53. Each bit (indicated as a shaded rectangle) is located by addressing an 
A address line and a Y address line; the intersection of the two lines locates a 
point in the two-dimeusional matrix, thus identifying the storage cell under 
consideration. Such two-dimensional addressing is called X-Y, or coinezdent, 
selection. 


Basic RAM Elements In the 1-bit memory of Fig. 17-52 separate read 
and write leads are required. For either the bipolar or the \[OS RAM it is 
possible to construct a FLIP-FLOP (as we demonstrate in Figs. 17-56 and 17-57) 
which has a common terminal for both writing and reading, such as terminals 1 
and 2 in Fig. 17-54. This configuration requires the use not only of the write 
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Fig. 17-53 Illustrating coincident addres- 
sing to locate | bit of a 16-word memory. 
The shaded squares represent schemati- 
cally the storage cells, or memory units. 


data W (write 1), but also of its complement W (write 0). At the cell terminal 
to which W(W) is applied, there is obtained the read or sense data output S(S). 
Such a memory unit is indicated schematically in I’ig. 17-54, where we note that 
a total of four input/output leads to the storage cell are required, two for X-Y 
addressing and two for read/write data (true and complemented). 

The basic elements of which an RAM is constructed are indicated in Fig. 
17-55. These include the rectangular array of storage cells, the X and Y 
decoders, the write amplifiers to drive the memory, and the sense amplifiers to 
detect (read) the stored digital information. Some RAMs include a write 
enable input. For such a unit, the write amplifiers of Fig. 17-55 are two-input 
AND gates, as in Fig, 17-54. Each word is identified by the matrix number 
X-Y in the (shaded) memory cell. For df-bit words there will be AZ planes, 
like the one indicated in Fig. 17-55. 

Magnetic cores have been used as storage elements for many years. Semi- 
conductor memories are now becoming increasingly popular. Monolithic 
RAMs are constructed using integrated circuit technology and employing either 
bipolar or MOS transistors for the storage and supporting circuits. Some of 
the advantages of semiconductor over core memories are low cost, small size, 
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Fig. 17-55 Random-access memory (RAM) with coincident selection and 16 words 
by 1 bit. The shaded squares give the memory locations of one bit of each word. 


and nondestructive reading of the array. On the other hand, the disadvantages 
include the volatility of storage, which means that all stored information is lost 
when the power supplies fail, and the power dissipation necessary in order to 
retain the information stored in a FLIP-FLOP. 


Bipolar RAM In a bipolar RAM the ruip-riops are usually TTL high- 
speed circuits. Figure 17-56 shows the basic bipolar RANI storage cell con- 
sisting of two cross-coupled three-emitter transistors. One of the emitters of 
the right transistor serves to sense or write a logic1 (Q2conducting). Similarly, 
one emitter of the left transistor serves to read or write a logic 0 (Q1 on). The 
two remaining emitters of each transistor are connected to the X and Y lines, 
respectively, as shown in Figs. 17-56 and 17-55. Address lines are normally 
held low (logic 0), and currents from all conducting transistors flow out of these 
address lines. 

To address a specific FLIP-FLOP in a matrix array, the corresponding X and 
Y lines are taken to logic 1. All other ri1p-rLoPs except the one being addressed 
must have at least one address line at logic 0 and no change will occur in those 
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FLIP-FLOPs. In the addressed cell the current in the conducting transistor 
diverts from the address lines (which have just moved from logic 0 to logic 1) 
to the appropriate sense or read line and then to one of the read amplifiers. 
Thus, depending on whether a 1 or a 0 bit was stored, the read amplifier asso- 
ciated with read 1 or read 0 will be activated. When this occurs, the output of 
the activated amplifier drops from a logic 1 to a logic 0 level. 

To write a 1 or a0 in a specific FLIP-FLOP it is necessary to address it and 
apply a logie 1 to the appropriate write amplifier input. The output of this 
amplifier will then drop to a logic Olevel. A logic 0 voltage on the output of a 
write amplifier will apply the same low voltage to all the FLIp-FLoP emitters 
connected to that amplifier. This low voltage will not affect the binaries which 
are not addressed, because at least one more emitter in those FLIP-FLOPS is 
held at a low voltage (logic 0) by the address lines. Jor the binary which is 
being addressed, there are two possibilities: The rirp-rLop may already be in 
the desired state, and in that case no change occurs. If the binary is not in the 
desired state and must be changed to the desired state, the low voltage applied 
to the emitter of the transistor which is orr will turn it on, thus causing the 
other transistor to turn orrF. In summary: If W = 1(0), then the write 1(0) 
emitter of the addressed FLIp-FLop is held at a low voltage, thus causing Q2 
(Q1) to conduct. This action stores a 1(0) in this selected FLIP-rLop. 
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Fig. 17-56 Bipolar RAM storage cell 1-3 showing the X; and Y; address lines 
and also the read/write lines for the configuration of Fig. 17-55. The two cross- 
coupled not gates form a 1-bit latch (Fig. 17-27). A logic 1 is stored if Q2 conducts. 
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Since in Fig. 17-54 the output of the write amplifier is connected to the 
input of the read amplifier, then clearly the sense amplifiers must not be used 
to supply information on the state of a memory cell while a write amplifier is 
excited. , 

An example of a 16-bit bipolar RAM having the pattern of Tig. 17-55 is the 
TI 7481. Average power dissipation is 275 mW, and reading propagation 
delay is typically 20 ns. An example of a larger RAM is the IM 5503 (Intersil 
Memory Corporation) which has a 16 X 16 = 256-word by 1-bit organization. 
It has an access time of 75 ns. 


Static MOS RAM® The MOS Furp-riop shown in Jig. 17-57 is used to 
store the binary information, and clocks are not needed. As long as power ts 
maintained, the data will remain in storage. Devices Q1-Q4 form a bistable 
cross-coupled FLIP-FLOP circuit, whereas devices Q5-QS form the gating net- 
work through which the interior nodes N1 and N2 are connected to the onE- 
bit line and the zmro-bit line. Note that devices Q5 and Q6 or Q7 and Q8 form 
AND gates to which the X and Y address drives are applied for coincident selec- 
tion of the storage cell. If the lénear-selection scheme is used, devices Q6 and 
Q8 are omitted and the X address line represents the word line. 

In the quiescent state both the X and the Y address lines are at ground 
potential, isolating the storage ruip-FLop from the bit lines. Assume that Q2 
is ON and Q1 is OFF, so that node Nlisat —Vppand N2isatOV. To read the 
cell, both address lines are pulsed (negative for p-channel \[OS devices), turn- 
ing on gating devices Q5-Q8. Current will flow into the onz-bit line, which is 
kept at —Vpp through devices Q7, QS, and the on device Q2. Very little or 
essentially no current will flow through the zpro-bit line, which is also kept at 
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Fig. 17-57 Single MOS RAM cell including address gat- 
ing. The inverter Q1-Q3 is cross-coupled to the inverter 
Q2-Q4 to form a 1-bit latch. A logic 1 is stored if Q2 
conducts. 
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—Vpp since device Q1 is orr. The state of the storage cell is thus determined 
by detecting on which bit line the sense current flows. 

To write 1 into the cell, the address lines are again pulsed and the onz-bit 
line is grounded. Since the ont-bit line is pulsed from — Vpp to ground, thisis 
interpreted to mean that we desire to write a 1 in the cell. However, the cell 
is already in the state to which it was to be written, and no change occurs 
because Q2 is already on. If the zERo-bit line is pulsed by grounding it, node 
N1 is pulled toward ground, turning device Q2 orr and device Q1 on through 
the regenerative process of the ri1p-FLop. Thus the cell changes state, and 
we have written the logic 0 into the FLIr-FLop. We observe that the reading 
process is nondestructive. 

Typical cycle times for fully decoded bit-organized \{OS chips generally 
lie in the range 500 ns to 1 ws. An example of a static AIOS RAM is the ALK 
4002P (Mostek, Inc.). The unit is a 256-bit RAM, organized as 64 words of 
4 bits each. It is TTL/DTL compatible because it uses low-threshhold 
p-channel MOS devices. Address decoding is performed on the chip from a 
binary 6-bit address which specifies each 4-bit word. The power supplies 
required are -+5 and —12 V, and the device is available in a 24-pin dual-in-line 
package. 


Dynamic MOS RAM?’ Instead of using an eight-device cell, it is possible 
to use a simpler three-device storage cell in which information is stored on the 
parasitic gate-to-substrate capacitance. Thus, at the expense of requiring a 
refresh operation to replenish the charge leaking off the storing capacitance, we 
achieve far greater density of storage cells on the same chip area. 

An example of a dynamic MOS/LSI RAMI is the 1103 manufactured by 
Intel Corp. This 1,024-bit memory is fully decoded and is organized as a 
1,024-word by 1-bit array. Refreshing of all bits is required every 2 ms, and 
cycle time is 380 ns. The device is available in an 18-pin dual-in-line package. 
Power dissipation at room temperature is 400 mW. 


1V. D/A AND A/D SYSTEMS 


17-19 DIGITAL-TO-ANALOG CONVERTERS?® 


Many systems accept a digital word as an input signal and translate or convert 
it to an analog voltage or current. These systems are called diyztal-to-analog, 
or D/A, converters. The digital word is presented in a variety of codes, the 
most common being pure binary or binary-coded-decimal (BCD). 

The output V, of an N-bit D/A converter is given by the following 
equation: 


Vo = (an_127} + Ana22? + an_32 ase ae + Qo27*) Vr (17-33) 
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Fig. 17-58 D/A converter with binary weighted resistors. 


where the coefficients a, represent the binary word and a, = 1(0) if the nth 
bit is 1(0). The voltage Ve is a stable reference voltage used in the circuit. 
The most significant bit (MSB) is that corresponding to ay_1, and its weight 
is V2/2, while the least significant bit (LSB) corresponds to a, and its weight 
is Vp/2%, 4 

Consider, for example, a 5-bit word (N = 5) so that Eq. (17-33) becomes 


Vv 
Vo = (16a, + 8a3 + 4a. + 2a1 + ay) X oi (17-34) 


For simplicity, assume Vg = 32 V. Then, if ao = 1 and all other a’s are Zero, 
we have V, = 1. If a, = i and all other a’s are zero, we obtain V, = 2. If 
@ = a = I and all other a’s are zero, V, = 2 +1 = 3 V, ete. Clearly, V, 
is an analog voltage proportional to the digital input. 

A D/A converter is indicated schematically in Fig. 17-58. The blocks 
So, S1, Sz, . . . , Sv—1in Fig. 17-58 are electronic svritches which are digitally 
controlled. For example, when a 1 is present on the MSB line, switch Sy_1 
connects the 10-K resistor to the reference voltage —Vp(—10 V); conversely, 
when a 0 is present on the MSB line, the switch connects the resistor to the 
ground line. Thus the switch is a single-pole double-throw (SPDT) electronic 
switch. The operational amplifier acts as a current-to-voltage converter 
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(Sec. 16-1). Using the numerical values shown in Fig. 17-58, we see that if 
the MSB is 1 and all other bits are 0, then the current through the 10-K resistor 
will be 1 mA and the output voltage will be 1, = 5 = 16 X 7% V. Similarly, 
we see that the weight of the LSB (if N = 5) becomes V, = yey X5=1X ax V- 
If all five bits are 1, the output becomes 


Vo=Q+h+4+itre) X56 = 381 X% 


Therefore the analog output V. is proportional to the digital input; the pro- 
portionality factor is 2 for the circuit of Fig. 17-58. 

The implementation of the switching devices using p-channel MOS 
¢ransistors is shown in Fig. 17-59. The S-R rurp-rior is also implemented 
with MOSFETs and holds the bit on the corresponding bit line. Let us assume 
that logic 1 corresponds to —10 V and logic 0 corresponds to 0 V (negative 
logic). A 1 on the bit line sets the FLIP-FLOP at Q = 1 and Q = 0, and thus 
transistor Q1 is on, connecting the resistor R, to the reference voltage —Vr, 
while transistor Q2 is kept orr. Similarly, a 0 at the input bit line will connect 
the resistor to the ground terminal. The accuracy and stability of this D/A 
converter depend primariJy on the absolute accuracy of the resistors and the 
tracking of each other with temperature. Since all resistors are different and 
the largest is 2Y-1R, where R is the smallest resistor, their values become 
excessively large, and it is very difficult and expensive to obtain stable, precise 
resistors of such values. 


A Ladder-type D/A Converter A circuit utilizing twice the number of 
resistors in Fig. 17-58 for the same number of bits (V’) but of values R and 2Rk 


. 


Bit line 
o— 


Fig. 17-59 An MOS fur-riop and a pair of MOSFETs imple- 
ment the single-pole double-throw switch of Fig. 17-58. The 
resistance R, depends upon the bit under consideration. For 
example for the N — 3 bit, Ri = 4R (Fig. 17-58). 
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Fig. 17-60 D-to-A converter using R, 22 ladder. 


. only is shown in Fig. 17-60. The ladder used in this circuit is a current-split~ 
ting device, and thus the ratio of the resistors is more critical than their abso- 
lute value. We observe from the figure that at any of the ladder nodes the 
resistance is 2 looking to the left or the right or toward the switch. Hence 
the current will split equally toward the left and right, and this happens at 
every node. Considering node N — 1 and assuming the MSB turned on, the 
voltage at that node will be —Ve/3. Since the gain of the operational amplifier 
to node N — lis —8R/2R, the weight of the ISB becomes 


Ve = (—Ve/3)(—-3R/2R) = Ve/2 


Similarly, we show in Prob. 17-54 that when the second MSB bit is on 
and all others are orr, the output will be V, = +Vp/4, the third MSB bit 
gives +Vp/8, and the LSB gives +V2/2*. 

The circuits discussed so far use a negative reference voltage and give a 
positive analog output voltage. If negative binary numbers are to be con- 
verted, the sign-magnitude approach is used; an extra bit is added to the 
binary word to represent the sign, and this bit can be used to select the polarity 
of the reference voltage. 

A typical 8-bit D/A converter by Zeltex Inc. is packaged in a module 
measuring 1.9 by 1.7 by 0.4 in. and includes the or amp, reference voltage, 
ladder network, and the switches. The 3750 D/A Converter (Fairchild Semi- 
conductor) is a \[OS8,’LSI 10-bit cireuit using p-channel enhancement-mode 
transistors. The digital word can be entered serially or in parallel, and the 


See. 17-20 DIGITAL SYSTEMS / 665 


output is available through 10 SPDT MOS switches. The user must provide 
the resistive Jadder network which is connected to the poles of the 10 switches. 
The 3750 contains an input shift register in which the data are stored and a 
holding register which retains the state of the previous 10-bit input word and 
drives the output switches. The device is available in a 36-pin dual-in-line 
package. 


Multiplying D/A Converter A D/A converter which uses a varying 
analog signal instead of a fixed reference voltage is called a multiplying D/A 
converter. From Eq. (17-34) we see that the output is the product of the 
digital word and the analog voltage Vp and its value depends on the binary 
word (which represents a number smaller than unity). This arrangement is 
often referred to as a programmable attenuator because the output V, is a frac- 
tion of the input T’ and the attenuator setting can be controlled. by a computer. 


17-20 ANALOG-TO-DIGITAL CONVERTER?? 


It is often required that data taken in a physical system be converted into 
digital form. Such data would normally appear in electrical analog form. 
For example, a temperature difference would be represented by the output ofa 
thermocouple, the strain of a mechanical member would be represented by the 
electrical unbalance of a strain-gauge bridge, ete. The need therefore arises 
for a device that converts analog information into digital form. A very large 
number of such devices have been invented. We shall consider below one 
such A,'D converter. 

In this system a continuous sequence of equally spaced pulses is passed 
through a gate. The gate is normally closed, and is opened at the instant of 
the beginning of a linear ramp. The gate remains open until the Imear sweep 
voltage attains the reference voltage of a comparator, the level of which is set- 
equal to the analog voltage to be converted. The number of pulses in the 
train that pass through the gate is therefore proportional to the analog voltage. 
If the analog voltage varies with time, it will of course not be possible to con- 
vert the analog data continuously, but it will be required that the analog data 
be sampled at intervals. The maximum value of the analog voltage will be 
represented by a number of pulses x. Et is clear that » should be made as large 
as possible consistent with the requirement that the time interval between two 
successive pulses shall be larger than the timing error of the time modulator. 
The recurrence frequency of the pulses is equal, at 4 minimum, to the product 
of » and the sampling rate. Actually, the recurrence rate will be larger in 
order to allow time for the circuit to recover between samplings. 

One form of digital voltmeter uses the above-described analog-to-digital 
converter. The number of pulses which pass through the gate is proportional 
to the voltage being measured. These pulses go to a counter whose reading is 
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Fig. 17-61 (a) A/D converter using a counter; (b) counter ramp 
waveform. 


indicated visually by means of some form of luminous display (Secs. 17-8 
and 17-21). 

The principles discussed previously are used in the A/D converter shown 
in lig. 17-6la. The clear pulse resets the counter to the zero count. The 
counter then records in binary form the number of pulses from the clock line. 
The clock is a source of pulses equally spaced in time. Siuce the number of 
pulses counted increases linearly with time, the binary word representing this 
count is used as the input of a D,’A converter whose output is shown in Tig. 
17-61b. As long as the analog input V, is greater than Va, the comparator 
output is high and the anp gate is open for the transmission of the clock pulses 
to the counter. When Vy exceeds V,, the comparator output changes to the 
low value, and the anp gate is disabled. This stops the counting at the time 
when V, = Va and the counter can be read out as the digital word representing 
the analog input voltage. 
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Successive-approximation A/D Converter?® The successive-approxima- 
tion technique is another method to implement an A/D converter. Instead 
of a binary counter as shown in Fig. 17-6la, a programmer is used. The 
programmer sets the most significant bit (MISB) to 1, with all other bits to 0, 
and the comparator compares the D/A output with the analog signal. If the 
D/A output is larger, the 1 is removed from the MISB, and it is tried in the next 
most significant bit. If the analog input is larger, the 1 remains in that bit. 
Thus a 1 is tried in each bit of the D,’A decoder until, at the end of the process, 
the binary equivalent of the analog signal is obtained. The 3751 MOS, LSI 
circuit (Fairchild Semiconductor) is a 12-bit A/D converter monolithic circuit 
which makes use of the successive-approximation technique. The ladder 
network must be supplied externally, and by choosing the appropriate coding 
of the resistor values in the ladder, the output can be in either binary or BCD 
digital form, The device is available in a 36-pin dual-in-line package. 


17-21 CHARACTER GENERATORS?”®:21 


This chapter concludes with a discussion of a two-dimensional alphanumeric 
character generation and display system. Many of the basic building blocks 
introduced in the preceding sections are involved in this fairly complicated 
system. For example, included are an ROM, a decoder, a parallel-to-series 
shift register, D/A converters, divide-by-N counters, and circulating shift- 
register memories. 

The convenient display of information is a most important part of many 
electronic systems. Computers, calculators, business information systems, and 
similar systems commonly display information using alphanumeric characters 
on a cathode-ray tube (CRT), on seven-segment readouts, on indicator tubes, 
on lamp arrays, or as “hard copy” from matrix-type priuters, etc. In many 
of these display applications, characters are generated using ROMs and long 
shift registers. JOS read-only memories offer a versatile approach to char- 
acter generation because the ease of programming allows the designer to choose 
the characters and formats he desires. 


Dot Matrix of a Character There are many character formats that can 
be designed into ROM character generators. The 5 X 7 dot-matrix format is 
easy to use and appears in many display systems. Consider the Jetter # shown 
in the 5 X 7 dot matrix of Fig. 17-62a. If each of the dot positions corresponds 
to a source of light or a lamp, the solid dots in the letter £ are lamps which are 
on, and the open dots are orr light sources. The orr lamps correspond to 
logic 0 outputs from an ROM with a5 X 7 = 35-bit output word, while the on 
lamps correspond to logic 1. To store 64 alphanumeric characters and other 
symbols, one ROM requires 64 X 7 X 5 = 2,240 bits of storage. Imple- 
mented with diodes or bipolar transistors, such a memory is bulky and expensive 
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Fig. 17-62 (a) Letter fin 5 X 7 dot matrix. (6) Pin func- 
tions of the TMS 4103 character generator. (Courtesy of 
Texas Instruments Inc.) 


to manufacture. AIOS/LSI read-only memories offer significant advantages 
in cost, power consumption, size, and weight. 

Figure 17-620 gives the pin functions of the TMS 4103 character generator 
ROM (Texas Instruments Inc.). This unit accepts what is known as USASCII 
input coding as a 6-bit binary word. It provides 64 standard alphanumeric 
characters in a 5 X 7 dot array (one column at atime). For example, for the 
letter H#, the address is 


B,B,B;B4B;B, = 101000 


Since there are only seven outputs tothe TAIS 4103, one column of the character 
is obtained at any particular time. If the third column is selected for display, 
the column select input becomes 


CiC2C3C C's = 00100 
and the 7-bit parallel word which appears at the output is 
Output = 1001001 


Total power dissipation of the TAIS 4103 is under 400 mW, and it can be 
accessed in less than 1.0 us. To enter a logic 1 at a character address or column 
select input, the input voltage at that pin should be V; = —Tlpp = —14 V, 
Conversely, for a logic 0 the input should be at device ground. 
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Printed Characters The parallel 7-bit-output character generator can 
be used to obtain printed characters by connecting the seven outputs to a 
column of seven light-emitting diodes (LI¢Ds, Sec. 3-15). The diodes are 
arranged over a strip of moving light-sensitive paper or film. The characters 
are formed by exposing the film to the radiation from the on LEDs and spac- 
ing is obtained by uniformly moving the film or light-sensitive paper as the 
column select inputs are advanced from column C, to column C3. 


CRT Single-character Waveforms It is desired to display one character, 
say #,onaCRT. Since the screen fluoresces (“lights up’) in the small region 
where the electron beam strikes it, only one dot in the character matrix can be 
generated at a given instant. Therefore the beam is kept at the position of 
one dot for a time 7’, and then stepped to the next dot quickly and held at the 
new position for another interval 7, then moved to the third dot, ete. Hence 
the system is synchronized by a clock of period 7. 

At a given horizontal position (Y = 1 in Tig. 17-63), the beam is swept 
vertically in synchronism with the clock in seven steps (¥ = 1,2, ..., 7in 
Fig. 17-63). At each position, the intensity control (the grid of the CRT) 
turns the electron beam ox (unblanks it) if the dot in that position of the 
character is excited and turns the beam orF (blanks it) if the spot should be 
dark. The intensity control, called the Z avis, obtains this information from 
the output of the ROM. Therefore the seven parallel outputs, corresponding 
to the seven vertical dots in a column, must be serialized. This serial wave- 
form is used to intensity-modulate the Z axis. The bit stream for the first and 
second columns of the / in Vig. 17-62 are indicated as the Z waveform in 
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Fig. 17-63 (a) The pulse train; (b) the horizontal-deflection 
waveform; (c) the vertical-deflection waveform; (d) the unblank- 
ing waveform for the character generator system of Fig. 17-64. 
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Fig. 17-64 The logic diagram of a single-line N character CRT display system. 


Fig. 17-63. The Z-axis waveform is kept low when the beam is being 
stepped between dot positions by the blanking circuitry. 


Display of One Character To understand how the X, Y, and Z wave- 
forms are generated, refer to the block diagram in Tig. 17-64. Concentrate 
first on that portion to the right of the shaded vertical line, since this portion 
of the figure is the subsystem which.is required to display one character. 

The clock frequency is that at which the output of the parallel-to-series 
register operates. This clock rate is also called the doi rate because the output 
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bit stream corresponds to the dots of the display. Since there are seven dots 
in 2 column, a 3-bit counter is used to divide the dot rateby 7. The stair-step 
output waveform from the D/A converter connected to the row-select counter 
supplies the seven steps for the Y positions of the dots. By counting the rows 
of the character, the counter gives an output pulse every time the count reaches 
7 and an entire column has been scanned. This pulse enters a second 3-bit 
counter which counts the five columns, and one space column between charac- 
ters, for a total count of 6. The staircase output voltage from the D/A block 
connected to the column-select counter provides the six X-axis positions; one 
for each column. After every sixth X deflection, a new character must be 
generated. 


Display of a Line of Characters Suppose we wish to display N charac- 
ters in a horizontal line on the CRT. Consider now the blocks to the left of 
the shaded line in Fig. 17-64. The output pulse of the 6:1 divider is used to 
introduce the address into the ROM for the next character to be displayed; 
that is, to advance the input refresh shift registers in which we have stored 
the addresses of the N characters in the line. The contents of the six input 
shift registers are recirculated at a rate of 60 Hz so that the entire display can 
be refreshed at this rate. In the case of 30 characters,‘line, an entire scan of 
7 X 6 XK 30 = 1,260 dot positions must be repeated rapidly enough so that 
flicker of the display is not apparent. A frequenc; of 60 Hz is considered 
adequate for all standard CRT phosphors and brightness levels. The output 
pulse of the column select counter signifies that an entire character (plus space) 
has been generated. This output pulse enters a third counter which divides 
by N, where N represents the number of characters per line. 

The outputs of each counter feed a D/A converter. The outputs of the 
character D/A converter and the column D,’A unit are summed and drive the 
horizontal-axis amplifier of the CRT. The D,‘A connected to the character 
counter produces N steps, each step having a height equal to six steps of the 
column select D,A. The D/A converter connected to the row select counter 
produces a number of steps equal to the number of rows in a character, or 
seven steps for a 5 X 7 dot format. Figure 17-63 shows the X-axis, Y-axis, 
and Z-axis waveforms corresponding to the first two columns of the letter E 
of Fig. 17-62. 

The system described above can be extended so as to display an entire 
alphanumeric page on the face of a CRT (Prob. 17-56). 
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REVIEW QUESTIONS 


17-1 (a) How many input leads are needed for a chip containing quad two-input 
Nor gates? Idxplain. (6) Repeat part a for dual two-wide, two-input AOI gates. 

17-2 Define SSI, MSI, and LSI. 

17-3. Draw the circuit configuration for an IC TTL AOI gate. Explain its 
operation. : 

17-4 (a) Find the truth table for the half adder. (b) Show the implementation 
for the digit D and the carry C. 

17-5 (a) Show the system of a three-bit parallel binary full adder consisting of 
half adders. (b) Explain its operation. 

17-6 Show the system of a 4-bit parallel binary adder, constructed from single- 
bit full adders. 

17-7 (a) Draw the truth table for a three-input adder. Explain clearly the 
meaning of the input and output symbols in the table. (2) Write the Boolean expres- 
sions for the sum and the earry. (Do not simplify these.) 

17-8 (a) Show the system for a serial binary full adder. (6) Explain the 
operation. 

17-9 (a) Consider two 4-bit numbers A and B with B> A. Verify that to 
subtract 4A from B it is only required to add B, A, and 1. (8) Indicate in simple 
form a 4-bit subtractor obtained from a full adder. 

17-10 Consider two 1-bit numbers A and B. What are the logic gates required 
to test for (a) A = B, (0) A > B, and (c) A < B? 

17-11 (a) Consider two 4-bit numbers A and B. If FE =1 represents the 
equality A = B, write the Boolean expression for Z. Explain. (6) If C = 1 repre- 
seuts the inequality A > B, write the Boolean expression for C. Explain. 

17-12 Show the system for a 4-bit odd-parity checker. 

17-13 (a) Show a system for increasing the reliability of transmission of binary 
information, using a parity check and generator. (0) Explain the operation of the 
system. : 

17-14 Write the decimal number 749 in the BCD system. 

17-15 (a) Define a decoder. (b) Show how to decode the 4-bit code 1011 (LSB). 

17-16 (a) Define a demultiplerer. (b) Show how to convert a decoder into a 
demultiplexer. (c) Indieate how to add a strobe to this system. 

17-17 (a) Define a multiplerer. (6) Draw a logic block diagram of a 4-to-I-line 
multiplexer. ? 

17-18 Show how a multiplexer may be used as (a) a parallel-lo-serial converter 
and (b) a sequential data selector. 

17-19 (a) Define an encoder. (b) Indicate a diode matrix encoder to transform 
a decimal number into a binary code. 

17-20 (a) Indicate an encoder matrix using emitter followers. In particular, 
for an encoder to transform a decimal number into a binary code, show the connections 
(0) to the output 1, and (c) to the line 1's. 
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17-21 (a) Define a read-only memory. (b) Show a block diagram of an ROM. 
(c) What is stored in the memory? (d) What hardware constitutes the memory 
elements? 

17-22 (a) Write the truth table for converting from a binary to a Gray code. 
(0) Write the first six lines of the truth table for converting a Gray into a binary code. 

17-23 Explain what is meant by mask-programming an ROM. 

17-24 (a) Explain what is meant by a pROM (or ROMP). (0) How is the 
programming done in the field? 

17-25 List three ROM applications and explain these very briefly. 

17-26 (a) What is a seven-segment visible display? (b) Show the following two 
lines in the conversion table from BCD to seven-segment-indicator code: 0011 and 
1001. 

17-27 (a) Define a sequential system. (6) How does it differ from a-combina- 
tional system? 

17-28 (a) Define a latch. (b) Show how to construct this unit from Not gates. 
(ce) Verif: that the circuit of part b has two stable states. 

17-29 (a) Sketch the logic system for a latch with set S (preset) and reset R 
(clear) inputs. (6) Verify that if S = 1 and R = 0, the ruiv-Fuor is set to Q = 1. 

17-30 (a) Sketch the logic system for a clocked S-R riip-FLor. (b) Verify that 
the state of the system does not change in between clock pulses. (ec) Give the truth 
table. (d) Justify the entries in the truth table. 

17-31 (a) Augment an S-R FLIP-FLOP with two anp gates to form a J-K ruir- 
rLop. (b) Give the truth table. (ec) Verify part b by making a table of Ja, Kn, Qn, 
Qn Sa, Ra, and On41- 

17-32 Explain what is meant by a race-around condition in connection with the 
J-K Furp-FLop of Rev. 17-31. 

17-33 Draw a clocked J-K ruip-FLoP system and include preset (Pr) and clear 
(Cr) inputs. (6) Fxplain the clear operation. 

17-34 (a) Draw a master-slave J-K ruip-FLop system. (6) Explain its oper- 
ation and show that the race-around condition is eliminated. 

17-35 (a) Show how to convert a J-K Fuip-FLop into a delay (D-type) unit. 
(b) Give the truth table. (c) Verify this table. 

17-36 Repeat Rev. 17-35 for a toggle (T-type) FLIP-FLOP. 

17-37 Give the truth tables for each rrip-rLor type: (a) S-R, (b) J-K, (c) D, 
and (d) T. What are the direct inputs Pr and Cr and the clock Ck for (e) presetting, 
(f) clearing, and (g) normal clocked operation? 

17-38 (a) Define a register. (b) Construct a shift register from S-R FLip-FLOps. 
(c) Explain its operation. 

17-39 (a) Explain why there may be a race condition in a shift register. (b) How 
is this difficulty bypassed? 

17-40 explain how a shift register is used as a converter from (a) serial-to-parallel 
data and (b) parallel-io-serial data. 

17-41 Explain how a shift register is used as a sequence generator. 

17-42 Explain how a shift register is used as a read-only memory. 

17-43 (a) Explain how a shift register is used as a ring counter. (b) Draw the 
output waveform from each FLIP-FLOP of a three-stage unit. 

17-44 (a) Sketch the block diagram for a Johnson (lwisted ring) counter. (b) 
Draw the output waveform from each FLIP-FLop of a three-stage unit. (c) By what 
number N does this system divide? 
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17-45 (a) Draw the block diagram of artpple cownter. (6) Sketch the waveform 
at the output of each FLip-FLop for a three-stage counter. (c) Explain how this wave- 
form chart is obtained. (d) By what number N does this system divide? 

17-46 (a) Draw the block diagram for an up-down counter. (6b) Explain its 
operation. 

17-47, Explain how to modify a ripple counter so that it divides by N, where N 
is not a power of 2. 

17-48 (a) Draw the block diagram of a decade ripple counter. (6) Explain its 
operation. 

17-49 Repeat Rev. 17-48 for a divide-by-6 ripple counter. 

17-50 What is the advantage of a synchronous counter over a ripple counter? 

17-51 (a) Draw the block diagram of a four-stage synchronous counter with 
series carry. (b) Explain its operation. (c) What is the maximum frequency of 
operation? Define the symbols in your equation. 

17-52 (a) Repeat Rev. 17-51 if the counter uses parallel carry. (b) What are 
the advantages and disadvantages of a parallel-carry counter? 

17-53. Explain how to measure frequency by means of a counter. 

17-54 List six applications of counters. Give no explanations. 

17-55 (a) Draw the circuit of a single-phase dynamic 1/08 inverter. (b) Explain 
its operation. 

17-56 Repeat Rev. 17-55 for a MOS nanp gate. 

17-57 Repeat Rev. 17-55 for a two-phase J/OS inverter. Draw the clocking 
waveforms. 

17-58 (a) Draw the circuit of one stage of a two-phase dynamic 108 shift regisier. 
(6) Explain its operation. Draw the clocking waveforms. 

17-59 (a) Draw the circuit of one stage of a statte \JOS shift register. (6) Draw 
the clocking waveforms. (c) Explain the operation of the cireuit. 

17-60 Repeat Rev. 17-59 for one stage of a four-phase MOS register. Identify 
the master and slave sections. 

17-61 (a) Draw the circuit of the encoder of a MOS read-only memory. (6) 

Explain the operation of the circuit. 
. 17-62 Explain how the MOS ROM is programmed. 

17-63 (a) Draw the block diagram of a 1-bit read/write memory. (b) Explain 
its operation. 

17-64 Explain linear selection in a random-access memory (RAM). 

17-65 Repeat Rev. 17-64 for coincident selection. 

17-66 (a) Draw in block-diagram form the basic clements of an RAM with 
coincident selection used to store four words of 1 bit each. (b) How is the system 
expanded to 3 bitsyword? (c) How is the system expanded to 25 words of 3 
bits, word? 

17-67 List the advantages and disadvantages of a \IOS RAM. 

17-68 (a) Sketch the circuit for a bipolar RAM storage cell. (6) Explain its 
operation, 

17-69 Repeat Rev. 17-68 fora MOS RAM memory cell. 

17-70 (a) Draw aschematic diagram of a D,’A converter. Use resistance values 
whose ratios are multiples of 2. (6) Explain the operation of the converter. 

17-71 Repeat Rev. 17-70 for a ladder network whose resistances have one of 
two values, & or 2R. 

17-72 Indicate the circuit of the MOS switch in a D,’A converter. 
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17-73 (a) Draw the block diagram for an A/D converter. (b) Explain the oper- 
ation of this system. 

17-74 (a) Consider a 5 X 7 matrix to represent an alphanumeric character. 
Draw in block-diagram form a system for generating such characters and for writing 
them ona CRT. (0) Indicate the horizontal (X), the vertical (Y), and the intensity 
(2) waveforms for a single character. (c) Explain the operation of the system. 

17-75 (a) How is the system in Rev. 17-74 modified so as to write a line of N 
characters on the CRT? (6) Calculate the clock frequency if each line of 40 characters 
is to be refreshed at a 60-Hz rate. 
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This chapter considers power amplifiers, voltage regulators, and SCR 
power control circuits and systems. 

An amplifying system usually consists of several stages in cas- 
cade. The input and intermediate stages operate in a small-signal 
class A mode. Their function is to amplify the small-input excitation 
to a value large enough to drive the final device. This output stage 
feeds a transducer such as a cathode-ray tube, a loudspeaker, a servo- 
motor, etc., and hence must be capable of delivering a large voltage 
or current swing or an appreciable amount of power. In this chapter 
we study such large-signal amplifiers. Bias stabilization techniques 
and thermal runaway considerations are very important with power 
amplifiers. These topics are discussed in Chap. 9, and hence they 
are not considered here. 

Almost all electronic circuits require a de source of power. For 
portable low-power systems, batteries may be used. More frequently, 
however, electronic equipment is energized by a power supply, a cir- 
cuit which converts the ac waveform of the power lines to direct voltage 
of constant amplitude. The process of ac-to-de conversion is exam- 
ined in Chap. 4. In this chapter we consider the regulator circuits 
used to contro] the amplitude of a de supply voltage. These circuits 
can be considered as a special class of feedback amplifiers. 

Finally, the use of solid-state switches such as p-n-p-n diodes, 
SCR’s, and triacs in power control circuits is also examined. 


18-1 CLASS A LARGE-SIGNAL AMPLIFIERS 


A simple transistor amplifier that supplies power to a pure resistance 
load R, is indicated in Fig. 18-1. Using the notation of Table 8-1, te 
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Fig. 18-1 The schematic wiring diagram of a sim- 
ple series-fed transistor amplifier. 


represents the total instantaneous collector current, 7, designates the instan- 
taneous variation from the quiescent value J¢ of the collector current. Sim- 
ilarly, iz, %, and Zz represent corresponding base currents. The total instan- 
taneous collector-to-emitter voltage is given by vc, and the instantaneous 
variation from the quiescent value V¢ is represented by »,. : 

Let us assume that the static output characteristics are equidistant for 
equal increments of input base current %, as indicated in Fig. 18-2. Then, if 
the input signal 7, is a sinusoid, the output current and voltage are also sinus- 
oidal, as shown. Under these circumstances the nonlinear distortion is neg- 
ligible, and the power output may be found graphically as follows: 


P=VI,= IR, : (18-1) 


where V, and I, are the rms values of the output voltage v,. and current ¢,, 
respectively, and R, is the load resistance. ‘The numerical values of V, and 
I, can be determined graphically in terms of the maximum and mimimum 
voltage and current swings, as indicated in Fig. 18-2. If In (Vn) represents 
the peak sinusoidal current (voltage) swing, it is seen that 
In Imax 7 Timin 
I, Vi EVE: (18-2) 


Fig. 18-2. The output character- 
istics and the current and 


voltage waveforms for a series- 


fed load for a transistor am- 
plifier. 
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and 
Vin V ist ae V stn 
Ve= An aw (18-3) 


so that the power becomes 
Vint m > TP Ry, = Veer 


ae 2 2Rt aii 
which may also be written in the form 
P= CV ern == and os GE Imnin) (18-5) 


This equation allows the output power to be calculated very simply. All 
that is necessary is to plot the load line on the volt-ampere characteristics of 
the device and to read off the values of Vinax, Viminy Imax, and Imin- 


18-2 SECOND-HARMONIC DISTORTION 


In the preceding section the active device is idealized as a perfectly linear 
device. In general, however, the dynamic transfer characteristic (Sec. 4-1) 
is not a straight line. This nonlinearity arises because the static output 
characteristics are not equidistant straight lines for constant increments of 
input excitation. If the dynamic curve is nonlinear over the operating range, 
the waveform of the output voltage differs from that of the input signal. 
Distortion of this type is called nonlinear, or amplitude, distortion. 

To investigate the magnitude of this distortion we assume that the 
dynamic curve with respect to the quiescent point Q@ can be represented by a 
parabola rather than a straight line. Thus, instead of relating the alternating 
output current 7, with the input excitation 7 by the equation 7, = Gi, resulting 
from a linear circuit, we assume that the relationship between 7, and 4, is given 
more accurately by the expression 


te = Git, + Goi? (18-6) 


where the G’s are constants. Actually, these two terms are the beginning of a 
power-series expansion of 7, as a function of 4. 
If the input waveform is sinusoidal and of the form 


t = Ibm COS wt (18-7) 
the substitution of this expression in Eq. (18-6) leads to 
te = Gylym COS wl + Golim? cos? wl 


Since cos? wi = $ + 4 cos 2wf, the expression for the instantaneous total cur- 
rent z¢ reduces to the form 


to = Ie +4 = Ip + Bo + Bi cos wt + Bo cos 2wt (18-8) 
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where the B’s are constants which may be evaluated in terms of the G’s. 
The physical meaning of this equation is evident. It shows that the applica- 
tion of a sinusoidal signal on a parabolic dynamic characteristic results in an 
output current which contains, in addition to a term of the same frequency 
as the input, a second-harmonic term, and also a constant current. This 
constant term B, adds to the original de value J¢ to yield a total de component 
of current Ig + By. Parabolic nonlinear distortion introduces tnto the output 
a component whose frequency is twice that of the sinusoidal input excilation. 
Also, since a sinusoidal inpul signal changes the average value of the oulput cur- 
rent, rectification takes place. 

The amplitudes B., B1, and B» for a given load resistor are readily deter- 
mined from either the static or the dynamie characteristics. We observe from 
Fig. 18-2 that 


When wt = 0: it¢ = Imax 
When of = a ie = Ie (18-9) 


When wf =: t¢ = Inin 
By substituting these values in Eq. (18-8), there results 
Imax = Io + Bo + Bit Ba 
| ae eee ese (18-10) 
Inn = Ie + Bo — Bit Bo 


This set of three equations determines the three unknowns B,, Bi, and B.. It 
follows from the second of this group that 


B, = By (18-11) 


By subtracting the third equation from the first, there results 


Imax re Limin 
B= a, aa (18-12) 


With this value of Bi, the value for B, may be evaluated from either the first 
or the last of Eqs. (18-10) as 
Tas + Linin = QLe 


By = Bo = 4 (18-18) 
The second-harmonic distortion D2 is defined as 
— [Bal 
D.= \B,| (18-14) 


(To find the percent second-harmonic distortion, D2 is multiplied by 100.) 
The quantities Imax, Zin, and Z¢ appearing in these equations are obtained 
directly from the characteristic curves of the transistor and from the load line. 
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If the dynamic characteristic is given by the parabolic form (18-6) and 
if the input contains two frequencies w; and we, then the output will consist of 
a dc term and sinusoidal components of frequencies 1, w2, 201, 2w2, w1 + we, 
and w: — we (Prob. 18-1). The sum and difference frequencies are called 
intermodulation, or combination, frequencies. 


18-3 HIGHER-ORDER HARMONIC GENERATION 


The analysis of the preceding section assumes a parabolic dynamic character- 
istic. This approximation is usually valfd for amplifiers where the swing is 
small. For a power amplifier with a large input swing, however, it is necessary 
to express the dynamic transfer curve with respect to the Q point by a power 
series of the form 


Ye = Git, + Gots? + Gt? + Gate + > > - (18-15) 


If we assume that the input wave is a simple cosine function of time, of the 
form in Eq. (18-7), the output current will be given by 


te = Ie + Bo + Bi cos ut + Bs cos 2wt + By cos 8uf + - ++ (18-16) 


This equation results when Iq. (18-7) is inserted in Eq. (18-15) and the proper 
trigonometric transformations are made. : 

That the output-current waveform must be expressible by a relationship 
of this form is made evident from an inspection of Vig, 18-2. It is observed 
from this figure that the output-current curve must possess zero-axis symmetry, 
or that the current is an even function of time. Expressed mathematically, 
t(wt) = i(—wi). Physically, it means that the waveshape for every quarter 
cycle of the output-current curve as the operating point moves from point 
Q to point 1 is similar to the shape of the curve that is obtained as the operating 
point moves back from point 1 to point Q. Similarly, the waveshape of the 
current generated by the operating point as it moves from point Q to point 2 
is syrametrical with that generated as it moves from point 2 back to point 
Q. These conditions are true regardless of the curvature of the characteristics. 
Since 7¢ is an even function of time, the Fourier series in Eq. (18-16), represent- 
ing a periodic function possessing this symmetry, contains only cosine terms. 
(If any sine terms were present, they would destroy the symmetry since they 
are odd, and not even, functions of time.) : 

If we assume, as is frequently done in the literature, that the excitation 
is a sine instead of a cosine function of time, the resulting output current is no 
longer expressed by a series of cosine terms only. Though a sine function dif- 
fers from a cosine function in the shift of the time axis by an amount wf = 7 ‘2, 
nevertheless such a shift destroys the above-noted zero-axis symmetry. It is 
found in this case that the Fourier series representing the output current con- 
tains odd sine components and even cosine components. 
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Calculation of Fourier Components Any one of a number of methods}! 
may be used to obtain the coefficients B,, Bi, Bs, ete. The method due to 
Espley, which is simply an extension of the procedure of the last section, is 
described here. It is assumed in the foregoing section that only three terms, 
Bo, Bs, and B», of the Fourier series are different from zero. These three 
components are evaluated in terms of the three measured currents, Imax, Jminy 
and Ic. As the next approximation, it is assumed that only five terms, B., 
B,, Bo, Bs, and By, exist in the resulting Fourier series. To evaluate these 
five coefficients, the values of the currents at five different values of 2 are 
needed. These are chosen at equal intervals in input swing. Thus Imax; I,, 
Ic, I_y, and Imin correspond, respectively, to the following values of 1: the 
maximum positive value, one-half the maximum positive value, zero, one-half 
the maximum negative value, and the maximum negative value. These values 
are illustrated in Fig. 18-3, which is consistent with Fig. 18-5 for RZ, = 109. 


Fig. 18-3 The values of 
signal excitation and the 


corresponding values of 


output current used in the 
five-point schedule for de- 


30 -40 ig, mA 
termining the Fourier com- 


ponents Bo, B,, Bs, Bs, and 
B, of the current. 


b 
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Assuming an input signal of the form ® = Jzn cos wt as illustrated, then 


When wt = 0: te = Tinax 


When wt = . ig = Ty 
When wt = o ie = Ie (18-17) 
When wt = ze igo = Iy 


When wl = 3: t¢ = Imin 


By combining these conditions with Eq. (18-16), five equations containing five 
unknowns are obtained. The solution of these equations yields 


Bo = Imax + 20, + 21-4 + Inin) — Io 

By = 3(Imax + I, — I-y — Imin) 

By = 4(Imex — 22¢ + Tin) (18-18) 
Bs = 4(Iimax — 22, + 22, — Imin) 

By = Yy(Imax — 41; + 62¢ — 41-4 + Inc) 


The harmonie distortion is defined as 


|Bo| |B [Bal 
SO TB), Oe a, cet Ba ee 
where D, (s = 2, 3, 4, . . .) represents the distortion of the sth harmonic. 


Power Output If the distortion is not negligible, the power delivered at 
the fundamental frequency is 


_ BAR, 


8-2 
Py 5 (18-20) 


However, the total power output is 


fee 


P= (BY + Bi + Be+ 5 


= (14+ D2+DP+ ---)Pi 


or 
P=(1+ DP; (18-21) 


where the total distortion, or distortion factor, is defined as 


D=VD2+D2+D2+--- (18-22) 
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If the total distortion is 10 percent of the fundamental, then 
P=([1+ (0.1)7]Pi = 1.01P, 


The total power output is only 1 percent higher than the fundamental power 
when the distortion is 10 percent. Hence little error is made in using only 
the fundamental term P; in calculating the power output. Considerable error 
may be made, however, if Eq. (18-5), rather than Eq. (18-20), is used to calcu- 
late the power. The former is based on the assumption that the fundamental 
component 2; may be calculated from Eq. (18-12) rather than from the more 
accurate formula (18-18). 

In passing, it should be noted that the total harmonic distortion is not 
necessarily indicative of the discomfort to someone listening to music. Usu- 
ally, the same amount of distortion is more irritating, the higher the order of 
the harmonic frequency. 


18-4 THE TRANSFORMER-COUPLED AUDIO POWER AMPLIFIER 


If the load resistance is connected directly in the output circuit of the power 
stage, as shown in Fig. 18-1, the quiescent current passes through this resis- 
tance. This current represents a considerable waste of power, since it does not 
contribute to the ac (signal) component of power. Furthermore, it is gencrally 
inadvisable to pass the de component of current through the output device, for 
example, the voice coil of a loudspeaker. For these reasons an arrangement 
using an output transformer is usually employed, as in Fig. 18-4. Although 
the input circuit also contains a transformer, it is possible to feed the excitation 
to the power stage through an RC coupling. 


Impedance Matching To transfer a significant amount of power to a 
load such as a loudspeaker with a voice-coil impedance of 5 to 15 Q, it is neces- 
sary to use an output matching transformer. This follows from the fact that 


0 ~ Veo 


Fig. 18-4 A transformer- 
coupled transistor output 
stage. 
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the internal device resistance may be very much higher than that of the 
speaker, and so most of the power generated would be lost in the active device. 

The impedance-matching properties of an ideal transformer follow from 
the simple transformer relations 


a oa Vo and q, =z Ty (18-23) 


where Vi (V2) = primary (secondary) voltage 
I, (12) = primary (secondary) current 
N, (N2) = number of primary (secondary) turns 
When Ne < Nj, these equations show that the transformer reduces the voltage 
in proportion to the turns ratio n = N2/N, and steps the current up in the same 
ratio. The ratio of these equations yields 


Vi 1 V2 


Tr” Ts 
Since, however, Vi/J1 represents the effective input resistance Ri, whereas 
V,/I> is the output resistance #,, then 


a= 5 R, (18-24) 


Maximum Power Output A practical problem is to find the transformer 
turns ratio n (for a given value of 2,) in order that the power output be a 
maximum for a small allowable distortion. This problem is solved graphically 
as follows: First the quiescent operating point Q is located, taking into con- 
sideration the bounds discussed in Sec. 9-1 and indicated in Tig. 9-2. The 
quiescent current is Ig = Pce/Ve, where Pc is the value of collector dissipation 
specified by the manufacturer, and V¢ is a value of quiescent collector voltage 
which locates Q somewhere near the center of the Veg seale. The choice of 
Vc is somewhat arbitrary, but is subject to the restriction that Veg must be 
less than Vemax even if the transistor is driven to cutoff. For the transis- 
tor whose characteristics are plotted in Tig. 18-5, the manufacturer specifies 
Po = 10 W and Ver,mex = 30 V. A reasonable quiescent point Q is deter- 
mined to be Ve = —7.5 V and Ic = —1.1 A. A Static load line passing 
through this Q point with a slope corresponding to the small transformer de 
primary resistance plus the small value of &, is shown in Fig. 18-5a. The 
intersection of this line with the voltage axis gives the required power-supply 
voltage Vee. 

The base current at the Q point is seen to be -15 mA. If we were to drive 
the transistor too close to cutoff, an unacceptable amount of distortion would 
result. Hence the peak-to-peak voltage swing %, is limited to 140 mV. We 
are here assuming that the input transformer in Fig. 18-4 represents voltage 
drive for the power transistor and that the source resistance 2, reflected into 
the secondary circuit of the input transformer is negligible. J'rom the input 


’ 
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Fig. 18-5 (a) The collector characteristics for a power transistor. A static load 
line for a transformer-coupled load is indicated. Also shown are load lines for 
dynamic resistances of 10 and 20 2. (b) The input characteristic. 


characteristic of Fig. 18-5b we see that the corresponding base current extremes 
are Ipmax = —30 mA and fymin = —6.5 mA. Note that the input current 
swing is not symmetric with respect to the quiescent point Jy = —15mA. In 
See. 8-1 we show that the nonsymmetric base current swing compensates for 
the nonsymmetric collector voltage swing, and thus we have less distortion with 
voltage drive than with current drive. If the effect of R, is not negligible, the 
input characteristic of Fig. 18-5b must be modified by constructing the dynamic 
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Load resistance Ri, 0 


input characteristic corresponding to the given R,, as discussed in Sec. 4-1 and 
Fig. 4-2. 

A series of load lines are drawn through Q for different values of Ri. The 
two indicated in Fig. 18-5a correspond to Ri, = 10 and 209. For each such 
load line the dynamic transfer characteristic of I'ig. 18-3 is constructed using 
Fig. 18-5a@ and b, and the output power and distortion are calculated using the 
formulas in Sec. 18-8. For example, we see from Fig. 18-5b that when the 
input excitation voltage is at its maximum, the base current is Jz = —30 mA, 
and from Tig. 18-5a and the R,, = 20 @ load line, the maximum collector cur- 
rent is I¢max = —1.45 A. Similarly, we obtain the value Ic, = —1.35 A by 
noting from Fig. 18-5b that I, = —21 mA when the input excitation voltage is 
at half its positive swing, or 35 mV above the @ point. The intersection of the 
load line Ry = 20 2 with the J, = —21 mA base current line in Fig. 18-5a 
results in Jc, = —1.85 A. The results of such calculations are plotted in 
Fig. 18-6. 

For Ri, very small, the voltage swing, and hence the power output P, 
approach zero. For Rj, very large, the current swing is small, and again P 
approaches zero. Therefore, in Fig. 18-6 the plot of P versus Ry has a maxi- 
mum. Note also that this maximum is quite broad. By choosing A, = 15 Q, 
a total distortion of less than 10 percent is obtained with a power output of 
2.1 W, a value which is only 20 percent less than 2.5 W, the peak power possible. 


18-5 EFFICIENCY 


The various components of power in an amplifier circuit are now examined. 
Suppose that the stage is supplying power to a pure resistance load. The 
average power input from the de supply is VecIc. The power absorbed by 
the output circuit is [¢*?R: + I.V., where J, and V, are the rms output current 
and voltage, respectively, and where A, is the static load resistance. If Pp 
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denotes the average power dissipated by the active device, then, in accordance 
with the principle of the conservation of energy, 


Veoele = [P?Ri+I.V.+ Pp (18-25) 
Since, however, 

Veo = Vet Icky 
Pp may be written in the form 

Pp = Velc — Velo (18-26) 


If the load is not a pure resistance, V.J, must be replaced by FJ, cos 6, 
where cos @ is the power factor of the load. 

Equation (18-26) expresses the amount of power that must be dissipated 
by the active device. It represents the kinetic energy of the electrons which 
is converted into heat upon bombardment of the.collector by these electrons. 
If the ac power output is zero, ie., if no applied signal exists, then Pp has its 
maximum value of VeI¢. Otherwise, the heating of the device is reduced 
by the amount of the ac power converted by the stage and supplied to the load. 
Hence a device is cooler when delivering power to a load than when there is 
no such ac power transfer. Obviously, then, the maximum dissipation is 
determined by the zero-excitation value. 


Conversion Efficiency? A measure of the ability of an active device to 
convert the de power of the supply into the ac (signal) power delivered to 
the load is called the conversion efficiency, or theoretical efficiency. This figure 
of merit, designated 7, is also called the collector-cireuit efficiency for a trausistor 
amplifier. By definition, the percentage efficiency is 


signal power delivered to load 


= 2 
7 = de power supplied to output cireuit 2 100% (18-27) 
Jn general, ; 
BYR, 
a a ne ne l 9 
1 Veco + Bo) aot (18-28) 
If the distortion components are negligible, then 
_ eV nlm Agen Make : 
tar, Veelc s 100% au Vecle 7 (18-29) 


The collector-circuit efficiency differs from the overall efficiency because the 
power taken by the base is not included in the denominator of Eq. (18-28). 


Maximum Valve of Efficiency It is possible to obtain an approximate 
expression for y if certain idealizations are made in the characteristic curves. 
These assumptions, of course, introduce errors in the analysis. However, the 
results permit a rapid estimate to be made of the numerical value of 7 and, in 
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Fig. 18-7 Pertaining to the calcula- 
tion of the conversion efficiency of 
an ideal distortionless amplifier. Io 
Fnin 
0 Vain Vo Vinax U% 


particular, furnish an upper limit for this figure of merit. It is assumed that 
the static curves are equally spaced in the region of the load line for equal 
increments in excitation (base current). Thus, in Fig. 18-7, the distance from 
1 to Q is the same as that from @ to 2. It is also assumed -that the excitation 
is such as to give zero minimum current. The construction in Fig. 18-7 may 
be used to analyze either a scries-fed or a transformer-fed load. The only 
difference between the two circuits is that the supply voltage Vcc equals Vmax 
in the series-fed case, whereas Vee is equal to the quiescent voltage V¢ (on the 
assumption that the static de drop is negligible) in the transformer-coupled 
amplifier, The reader should compare Fig. 18-7 with Figs. 18-2 and 18-5. 
Under the foregoing idealized conditions, : 


To = Im and Van = Me 
so that Eq. (18-29) becomes 
25(V inax oe Vinin) % (18-30) 


a Vee 


The type of coupling used must now be taken into account. for the series-fed 
load, Vee = Vinax, and 


- 25(V max ca Vinin) a, 
ete ae | on @ A nT 


n Vaan (18-31) 


This result indicates that the upper limit of the conversion efficiency is 25 per- 
cent, and even this low value is approached only if Vmin is negligible compared 
with Vinax- 

If the load is coupled to the stage through a transformer, then 


Vine + V siti 


Tomer SP 
Vee Ve ) 


and Eq. (18-30) reduces to 


(18-32) 
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This result shows that the upper limit of the theoretical efficiency for a trans- 
former-coupled power amplifier is 50 percent, or twice that of the series-fed 
circuit. For a transistor amplifier Vin occurs near the saturation region, and 
hence Vinin K Vmax, and the collector-circuit efficiency may approach the upper 
limit of 50 percent. 

The numerical value of the conversion efficiency must be calculated from 
Eq. (18-28). The use of Eqs. (18-31) and (18-32) may lead to large errors in 7 
since these equations are derived using the highly idealized conditions indicated 
in Fig. 18-7. 


18-6 PUSH-PULL AMPLIFIERS? 


A great deal of the distortion introduced by the nonlinearity of the dynamic 
transfer characteristic may be eliminated by the circuit shown in Fig. 18-8, 
known as a push-pull configuration. In the circuit the excitation is introduced 
through a center-tapped transformer. Thus, when the signal on transistor 
Q1 is positive, the signal on Q2 is negative by an equal amount. Any other 
circuit that provides two equal voltages which differ in phase by 180° may be 
used in place of the input transformer. 

Consider an input signal (base current) of the form % = Lym COS wt 
applied to Q1. The output current of this transistor is given by Eq. (18-16) 
and is repeated here for convenience: 


1, = Ie + Bo + Bi cos wt + Bz cos 2wi + Bz cos 3wt + --- (18-33) 
The corresponding input signal to Q2 is 
tye = —%1 = Ibm cos (wt + 7) 


The output current of this transistor is obtained by replacing wé by wf + x in 
the expression for 7;.. That is, 


to(wt) = ti(wt + 3) (18-34) 
whence 

tg = Ie + B, + Bi cos (wi +7) + Bs cos 2wi +r) + + - - 
which is 

= Ie + Bo — Bi coswt + Bs cos 2ui — B; cos 3ui + °° - (18-35) 


As illustrated in Fig. 18-8, the current 7; and 4, are in opposite directions 
through the output-transformer primary windings. The total output current 
is then proportional to the difference between the collector currents in the 
two transistors. That is, 


t = k(t, — t) = 2k(B, cos wi + By cos 380i + - - -) (18-36) 


This expression shows that a push-pull circuit will balance out all even har- 
monics in the output and will leave the third-harmonic term as the principal 
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Fig. 18-8 Two transistors in a push-pull arrangement. 


source of distortion. This conclusion was reached on the assumption that the 
two transistors are identical. If their characteristics differ appreciably, the 
appearance of even harmonics must be expected. 

The fact that the output current contains no even-harmonic terms means 
that the push-pull system possesses “half-wave,” or ‘mirror,’ symmetry, in 
addition to the zero-axis symmetry. Half-wave symmetry requires that the 
bottom loop of the wave, when shifted 180° along the axis, will be the mirror 
image of the top loop. The condition of mirror symmetry is represented math- 
ematically by the relation 


i(wt) = ~—t(wt + 7) (18-37) 


If wt + r is substituted for wf in Eq. (18-36), it will be seen that Eq. (18-37) 
is satisfied. 


Advantages of a Push-Pull System Because no even harmonics are 
present in the output of a push-pull amplifier, such a circuit will give more 
output per active device for a given amount of distortion. For the same 
reason, a push-pull arrangement may be used to obtain less distortion for a 
given power output per transistor. 

Another feature of the push-pull system is evident. from an inspection of 
Fig. 18-8. It is noticed that the de components of the collector current 
oppose each other magnetically in the transformer core. This eliminates any 
tendency toward core saturation and consequent nonlinear distortion that 
might arise from the curvature of the transformer magnetization curve. 
Another advantage of this system is that the effects of ripple voltages that may 
be contained in the power supply because of inadequate filtering will be 
balanced out. This cancellation results because the currents produced by 
this ripple voltage are in opposite directions in the transformer winding, and 
so will not appear in the load. Of course, the power-supply hum will also 
act on the voltage-amplifier stages, and so will be part of the input to the power 
stage. This hum will not be eliminated by the push-pull circuit. 
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18-7 CLASS B AMPLIFIERS? 


The circuit for the class B push-pull system is the same as that for the class 
A system except that the devices are biased approximately at cutoff. The 
transistor circuit of Fig. 18-8 operates class B if R. = 0 because asilicon tran- 
sistor is essentially at cutoff if the base is shorted to the emitter (Sec. 5-9). 
The advantages of class B as compared with class A operation are the following: 
It is possible to obtain greater power output, the efficiency is higher, and there 
is negligible power loss at no signal. For these reasons, in systems where the 
power supply is limited, such as those operating from solar cells or a battery, 
the output power is usually delivered through a push-pull class B transistor 
circuit. The disadvantages are that the harmonic distortion is higher, self- 
bias cannot be used, and the supply voltages must have good regulation. 


Power Considerations To investigate the conversion efficiency of the 
system, it is assumed, as in Sec. 18-5, that the output characteristies are equally 
spaced for equal intervals of excitation, so that the dynamic transfer curve 
is a straight line. It is also assumed that the minimum current is zero. The 
graphical construction from which to determine the output current and voltage 
waveshapes for a single transistor operating as a class B stage is indicated in 
Fig. 18-9. Note that for a sinusoidal excitation the output is sinusoidal during 
one-half of each period and is zero during the second half cycle. The effective 


Dynamic 
transfer 
characteristic 


Iz 
Load line 
up 


Yee Ve 


Ue 


Excitation 


wt 
aot 


Fig. 18-9 Graphical construction for determining the output waveforms of a single 
class B transistor stage. 
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load resistance is R, = (Ni/N2)?Rx. This expression for Ri, is the same as 
that in Eq. (18-24), where now Ni represents the number of primary turns 
to the center tap (Fig. 18-8). 

The waveforms illustrated in Fig. 18-9 represent one transistor Q1 only. 
The output of Q2 is, of course, a series of sine loop pulses that are 180° out of 
phase with those of Q1. The load current, which is proportional to the differ- 
ence between the two-collector currents, is therefore a perfect sine wave for 
the ideal conditions assumed. The power output is 


Lin 
P 5 DB (Vee — Vin) (18-88) 


The corresponding direct collector current in each transistor under load is the 
average value of the half sine loop of Fig. 18-9. Since Ia, = Im,'n for this 
waveform, the de input power from the supply is 


P;=2 InV ce (18-39) 


r 
The factor 2 in this expression arises because two transistors are used in the 
push-pull system. 


Taking the ratio of Eqs. (18-38) and (18-39), we obtain for the collector- 
circuit efficiency 


we a i Vrain 
n= eX 10-452 =F (1 ra) x 100% (18-40) 


This expression shows that the maximum possible conversion efficiency is 
25r = 78.5 percent for a class B system compared with 50 percent for class A 
operation. Lora transistor circuit where Vinin K Vce, it is possible to approach 
this upper limit of efficiency. This large value of » results from the fact that 
there is no current in a class B system if there is no excitation, whereas there is 
a drain from the power supply in a class A system even at zero signal. We 
also note that in a class B amplifier the dissipation at the collectors is zero 
in the quiescent state and increases with excitation, whereas the heating of 
the collectors of a class .\ system is a maximum at zero input and decreases 
as the signal increases. Since the direct current increases with signal in a 
class B amplifier, the power supply must have good regulation. 

The collector dissipation P¢ (in both transistors) is the difference bet ween 
the power input to the collector circuit and the power delivered to the load. 
Since In = Vn/Riy, 


Pe See Ri ~ ORE 


(18-41) 


This equation shows that the collector dissipation is zero at no sigual (Vm = 0), 
rises as J’, increases, and passes through a maximum at V,, = 2Vee,/r (Prob. 
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18-15). ‘The peak dissipation is found to be 
2V ec? 


wR! 


Po.max = 


(18-42) 


The maximum power which can be delivered is obtained for V,, = Cee (if 
Vimin = 0), or 


_ Veo? 
Prax = ORE (18-43) 
Hence 
Pomax = 4 Paw ae 0.4Pnax (18-44) 


If, for example, we wish to deliver 10 W froma class B push-pull amplifier, then 
Pomax = 4 W, or we must select. transistors which have collector dissipations 
of approximately 2 W each. In other words, we can obtain a push-pull output 
of five times the specified power dissipation of a single transistor. On the 
other hand, if we paralleled two transistors and operated them class A to 
obtain 10 W out, the collector dissipation of each transistor would have to be 
at least 10 W (assuming 50 percent efficiency). This statement follows from 
the fact that P; = P,/y = 10/0.5 = 20 W. This input power must all be 
dissipated in the two collectors at no signal, or Pe = 10 W per transistor. 
Hence at no excitation there would be a steady loss of 10 W in each transistor, 
whereas in class B the standby {no-signal) dissipation is zero. This example 
clearly indicates the superiority of the push-pull over the parallel configuration. 


Distortion The output of a push-pull system always possesses mirror 
symmetry (Sec. 18-6), so that Ic = 0, Imax = Tin, and Ty = —I_;. Under 
these circumstances, Eqs. (18-18) reduce to 


o=Br=Bi=0  Br=BImx+h;) Bs = Imm — 21, 
(18-45) 


Note that there is no even-harmonie distortion. The principal contribution 

to distortion is the third harmonic, given by D; = |Bs| Bi. The values Imax 

and J, are found as follows: A load line corresponding to Ry, = (Ni/N2)?Rz is 

drawn on the collector characteristics through the point Z¢ = Oand Voz = Vee. 

If the peak base current is Zz, then the intersection of the load line with the 

Tg curve is Iinax and with the Ip ‘2 characteristic is J,, as indicated in Fig. 18-9. 
The power output, taking distortion into account, is 


pr 
P= (1 + D,’) se (18-46) 


Special Circuits¢ A class B configuration which dispenses with the out- 
put transformer is shown in Fig. 18-10. This arrangement requires a power 
supply whose center tap is grounded, a condition which is not difficult to obtain. 
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Fig. 18-10 A class B push- 
pull circuit which does not 
use an output transformer. 


A circuit that requires neither an output nor an input transformer is shown 
in Fig. 18-11. This arrangement uses transistors having complementary sym- 
metry (one n-p-n and one p-n-p type). The difficulty with the circuit is that 
of obtaining matched complementary transistors. If there is an unbalance in 
the characteristics of the two transistors in Fig. 18-11 (or also in Figs. 18-8 
and 18-10), considerable distortion will be introduced; even harmonics will no 
longer be canceled. Very often negative feedback is used in power amplifiers 
to reduce nonlinear distortion. 


18-8 CLASS AB OPERATION 


In addition to the distortion introduced by not using matched transistors and 
that due to the nonlinearity of the collector characteristics, there is one more 
source of distortion, that caused by nonlinearity of the input characteristic. 
As pointed out in Sec. 5-9 and Fig. 5-16, no appreciable base current flows 
until the emitter junction is forward-biased by the cutin voltage V,, which is 
0.1 V for germanium and 0.5 V for silicon (Table 5-1). Under these circum- 
stances a sinusoidal base-voltage excitation will not result in a sinusoidal output 
current. 

The distortion caused by the nonlinear transistor input characteristic is 


Vue 


Fig. 18-11 A push-pull 
circuit using transistors hav- 
ing complementcry sym- 


metry. 
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Fig. 18-12 Crossover distortion. 


indicated in Fig. 18-12. The is-vg curve for each transistor is drawn, and 
the construction used to obtain the output current (assumed proportional to 
the base current) is shown, In the region of small currents (for vs < V,) the 
output is much smaller than it would be if the response were linear. This 
effect is called crossover distortion. Such distortion would not occur if the 
driver were a true current generator, in other words, if the base current (rather 
than the base voltage) were sinusoidal. 

To minimize crossover distortion, the transistors must operate in a class 
AB mode, where a small standby current flows at zero excitation. In the 
circuit of Tig. 18-8, the voltage drop across Ry» is adjusted to be approximately 
equal to V,. Class AB operation results in less distortion than class B, but 
the price which must be paid for this improvement is a loss in efficiency and 
waste of standby power. The calculations of the distortion components in a 
class AB or class A push-pull amplifier due to the nonlinearity of the collector 
characteristics is somewhat involved since it requires the construction of com- 
posite output curves for the pair of transistors.§ 

A practical class AB power amplifier is shown in Fig. 18-13. In this 
circuit the input transformer is replaced by the CA 3007 integrated circuit 
audio driver. The IC driver is a balanced differential circuit with either 
single-ended or differential input and two push-pull emitter-follower outputs 
(pins 8 and 10). The CA 3007 is ae-coupled, and it does not affeet the biasing 
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Fig. 18-13 A low-power (30-mW) class AB amplifier system. (Cour 
tesy of RCA, Electronic Components and Devices.) 


of the output stage, which is set by the diodes D1, D2, and resistors Au, Ro, and 
R,. This power amplifier provides 30 mW output power for an audio input 
of 6.5 mV of signal voltage. 


Integrated Circuit Power Amplifier The amplifier shown in Fig. 18-14 
is a monolithic integrated circuit (IC) power amplifier. The MC 1554 is 


Veg (14 V) 


C 


V, : 
C, (250 uF) 
Ry 
(10 K) (1 uF) C, 8Q 
a (0.01 uF) Speaker 
R; 
(10 Q)- 


c; 


Tao uF) 


Fig. 18-14 A 1-W monolithic power amplifier system. 
(Courtesy of Motorola Semiconductor Products, Inc.) 
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Fig. 18-15 A 20-W class B power amplifier system. (Courtesy Motorola Semi- 


conductor Products, Inc.) 


designed to amplify signals as high as 300 kHz and to deliver 1 W of power to 
a directly or capacitively coupled load. The component. values shown result in 
total harmonic distortion at 1 kHz of less than 1 percent at 1-W output power 
into an 8-2 load. When this device is used, care must be exercised to lay out 
the cireuit properly and to avoid stray coupling or feedback from the output 
to the input, which may result in oscillations. To avoid oscillations, the input 
cable must be shielded and the compensating network R3, Cs must be connected 
from the output pin to ground. The Fe, Cy network is a decoupling network 
used to cancel the effects of the inductance of the power-supply leads. The 
load can be d-e coupled provided a split power supply is used. 

The circuit diagram of a 20-W amplifier? is shown in Fig. 18-15. The 
MC 1533 operational amplifier drives the complementary output transistors, 
and in the absence of an input signal, the output at pin 5 is zero volts, thus 
biasing the output transistors class B. The crossover distortion is eliminated 
by the use of negative feedback from the output to the input. The rated out- 
put power into a 4-Q load is 20 W with less than 0.7 percent harmonie distor- 
tion. The frequency response is down 1.5 dB at 20 kHz, and the sensitivity 
for rated output power is 1 V rms input. The efficiency at rated power is 
54 percent. 


18-9 REGULATED POWER SUPPLIES 


An ideal regulated power supply is an electronic circuit designed to provide a 
predetermined de voltage V, which is independent of the current J; drawn 
from V,, of the temperature, and also of any variations in the ac line voltage. 
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An unregulated power supply consists of a transformer, a rectifier, and a filter, 
as shown in Figs. 4-19 and 4-23. 

There are three reasons why an unregulated power supply is not good 
enough for many applications. The first is its poor regulation; the output 
voltage is not constant as the load varies. The second is that the de output 
voltage varies with the ac input. In some locations the line voltage (of 
nominal value 115 V) may vary over as wide a range as 90 to 130 V, and 
yet it is necessary that the de voltage remain essentially constant. The third 
reason is that the de output voltage varies with the temperature, particularly 
because semiconductor devices are used. The feedback circuit shown in Fig. 
18-16 is used to overcome the above three shortcomings, and also to reduce the 
ripple voltage. Such a system is called a regulated power supply. From 
Fig, 18-16 we see that the regulated power supply represents a cause of voltage- 
series feedback. If we assume that the voltage gain of the emitter follower 
Q1 (Q1 is also called the pass element) is approximately unity, then V) ~ V, and 


Vi = AvVi = Av(Vr — BV.) = Vo (18-47) 
where the feedback factor is 
__ fr 
OS tak ee) 
From Eq. (18-47) it follows that 
Vo= Ver I+ BAy (18-49) 


Pass element 


Ql 


Fig. 18-16 Regulated power supply system. 
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The output voltage V, can be changed by varying the feedback factor 6. 
The emitter follower QI is used to provide current gain, because the current 
delivered by the amplifier Ay usually is not sufficient. The de collector voltage 
required by the error amplifier Ay is obtained from the unregulated voltage. 


Stabilization Since the output de voltage V, depends on the input 
unregulated dc voltage V;, load current [,, and temperature T, then the change 
AY, in output voltage of a power supply can be expressed as follows: 


aV, aV, ov, 
AV. = av; AV; + ar. Al, + of 4? 
or 
AV, = Sy AV; + BR, Al, + Sp AT (18-50) 


where the three coefficients are defined as 


AV. 


Input regulation factor: Sy = AY, su (18-51) 
AY, 3 
, ; 2 = 52 
Output resistance: R, Are Vico (18-52) 
Temperature coefficient: Sp = AVe lavino (18-53) 
: * AT lam=o 


The smaller the value of the three coefficients, the better the regulation 
of the power supply. The input-voltage change .V; may be due to a change 
in ac line voltage or may be ripple because of inadequate filtering. 


18-10 SERIES VOLTAGE REGULATOR 


The physical reason for the improvement in voltage regulation with the circuit 
of Fig. 18-16 lies in the fact that a large fraction of the increase in input volt- 
age appears across the pass element, so that the output voltage tries to remain 
constant. If the input increases, the output must also increase (but to a 
much smaller extent), because it is this increase in output that acts to bias the 
pass transistor toward less current. This stabilization is demonstrated with 
reference to Fig. 18-17 where Q2 is the comparison amplifier designated Ay in 
Fig. 18-16, and where the batterv Vp is replaced by the breakdown diode D. 
Here a fraction of the output .voltage @V. is compared with the reference 
voltage Vr. The difference 6), — Vr is amplified by Q2.” If the input volt- 
age increases by AV; (say, because the power-line voltage increases), then V, 
need increase only slightly, and yet Q2 may cause a large current change in R;. 
Thus it is possible for almost all of AV; to appear across Ry (and since the base- 
to-emitter voltage is small, also across Q1) and for VY, to remain essentially 
constant. These considerations are now made more quantitative. 
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Fig. 18-17 A semiconductor-regulated power supply. The series pass 
element or series regulator is Q1, the difference amplifier is Q2, and 
the reference avalanche diode is D. 


Simplified Analysis From Fig. 18-17 the output dc voltage V. is given by 


or using Iq. (18-48) for 8 
Vo = (Vet Vou) (1+ #2) = (Vn + Vne)/8 (18-54) 


Hence a convenient method for changing the output is to adjust the ratio 
R,/R2 by means of a resistance divider as indicated in Fig. 18-17. 

An approximate expression for Sy (sufficiently accurate for most appli- 
cations) is obtained as follows: The input-voltage change v; is very much 
larger than the output change ». Also, by the definition of Eq. (18-51), 
Al, = 0, and to a first approximation we can neglect the ae voltage drop 
across 7. Hence Al’; = v: appears as shown in Vig. 18-18. Neglecting the 
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Fig. 18-18 Analysis of the series-regulated power supply. 
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small change in base-to-emitter voltage of Q1, the current change AI = i in 
R; is given by 


vi Uo U; 


t= to (18-55) 


Since Az is fixed, constant output voltage requires that Iz, and hence In, 
remain constant. Hence, for constant Ig, 


a= Ales = tea (18-56) 
In Prob, 18-23 we find, for small values of Rs, that 22 = Gav. where 


Gn =h By : 
ia Weer He des (Ri|| 2) + Ain + (1 + Ayer) Rz 


(18-57) 


where fz is the dynamic resistance of the Zener diode. Using Eqs. (18-55) to 
(18-57), we find, since v7; ~ t2Ra, 


Sy == (18-58) 


In Prob. 18-24 the output resistance #, of the circuit of Fig. 18-18 is found 
to be : 
Rs To + (Rs + hier) /(L =F her) 

i 1+ Gm (fs + i) 


(18-59) 


where G,, = %2/v. is obtained from Eq. (18-57). A design procedure is indi- 
cated in the following illustrative example. 


EXAMPLE (a) Design a series-regulated power supply to provide a nominal 
output voltage of 25 V and supply load current I; < 1A. The unregulated 
power supply has the following specifications: V; = 50 + 5 V and r, = 10 Q. 
(6) Find the input regulation factor Sy. (c) Find the output resistance R,. (d) 
Compute the change in output voltage AV, due to input-voltage changes of +5 V 
and load current /1 variation from zero to 1 A. 


Solution a. Select a silicon reference diode with Ve ~ V,/2. Two 1N755 diodes 
in series provide Ve = 7.5 + 7.5 = 15 V and Rz = 12Qat Iz = 20mA. Refer 
to Figs. 18-18 and 18-19. Choose I¢2 = Ig; = 10 mA. The Texas Instruments 
2N930 silicon transistor can provide the collector current of 10 mA. For this 
transistor the manufacturer specifies Tojmx = 80 mA and Vesine = 45 V. 

At [cz = 10 mA, the following parameters were measured: 


Argo = 220 yea = 200 hice = 800 Q 
Choose Jn = 10 mA, so that D1, D2, operate at J, = 10 -+ 10 = 20 mA. Then 


Vo~Ve_ 2-15 _ 


R 
i Ip 10 
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Fig. 18-19 The series regulator discussed in the example. 


The ratio 2,/R, may be found from Eq. (18-54). Each resistor is determined 
as follows: 


Los EL ee 


qT = = 
ee hee. 220 


Since we require [; >> I2, we select J, = 10 mA; then, since Var = 0.7 V, 
Vo = Verre + Ve = 15.7 V 
Ve— V2 _ 25 — 15.7 


R= = = 930 2 
: a 10 x 10-3 
Rie te ha 
Tl, 10x 10-3 


Tf we select the Texas Instruments 2N1722 silicon power transistor for Q1, we 
measure at Jc, = 1 A the following parameters: 


Arg, = 125 Ayer = 100 Ayer = 202 
We thus have 


_Inth+Io _ 1,000+10410 _ 


8 mA 
hem 125 “ 


Ts, 


The current J through rosistor R3 is J = Iz, + Ice2 =8+10=18 mA. The 

value for &3 corresponding to V; = 45 and to Iz = 1 A is given by 

_ Vi- Vom + Vs) _ 50 — 25.7 
I 18 X 1073 


Ra = 1,350 
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The complete circuit is shown in Fig. 18-19. 
b. From Eq. (18-58) we find 


2.50 _, 584 + 800 + (201)(12) 
1.57 (200) (1,350) 


c. The output resistance is found from Eqs. (18-58) and (18-59). Since 


Sy = 0.022 


1 1 
Gn = = 0.088 
Syh; 0.022 X 1,350 
: 10 + (1,350 + 20)/101 = 0512 


1 + (0.033) (1,350 + 10) 


d. The net change in output voltage, assuming constant temperature, is 
obtained using Eq. (18-50): 


AV, = Sy AV; + BR, Aly = 0.022 X 104 0.51 X 1 = 0.22 + 0.51 = 0.73 V 


The circuit designed in this example was built in the laboratory, and excellent 
agreement between measured and calculated values was obtained. 


Very often it is necessary to design a power supply with much smaller 
value for Sy. From Eq. (18-58) we see that Sy can be improved if R; is 
increased. Since A; ~ (V;— V.)/J, we can increase R; by decreasing J. The 
current [ can be decreased by using a Darlington pair (Fig. 8-29) for QI. 
For even greater improvement in Sy, R; is replaced by a constant-current 
source (so that Ry > ©), as shown in Fig. 18-20 (see also Sec. 15-3). For this 
circuit, which incorporates a Darlington pair, values of Sy = 0.00014 and 
R, = 0.1 9 have been obtained.® The constant-current source in Fig. 18-20 is 
often called a transistor preregulator. Other types of preregulators (Prob. 
18-28) are possible. The 0.01-uF capacitor in Fig. 18-20 is added to prevent 
high-frequency oscillation. 


Practical Considerations The maximum de load current of the power 
supply shown in Fig. 18-18 is restricted by the maximum allowable collector 
current of the series transistor. The difference between the output and input 
voltages of the regulator is applied across Q1, and thus the maximum allow- 
able Veg for a given Q1 and specified output voltage determines the maximum 
input voltage to the regulator. The product of the load current and Vez is 
approximately equal to the power dissipated in the pass transistor. Conse- 
quently, the maximum allowable power dissipated in the series transistor further 
limits the combination of load current and input voltage of the regulator. 

The reverse saturation current J¢o1 of Q1 in Fig. 18-18 plays an important 
role in determining the minimum load of the regulator. If Iz; = 0, then 


lex Tey = Icox(1 + Are) 
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— isa i; Load 7 
mi 
A 1N746 2N 1049 * 
1.0K 
4.7K 
2N1131 2N656 “7~0.01 uF 
174 
37 Me 70V Re gov 
.5- 0-400 mA 
2N338 500 9 
$ 5.1K 
1K 
1N753 (x) 30 K 


Fig. 18-20 Typical series regulator using preregulator and Darlington pair. (Cour- 
tesy of Texas Instruments, Inc.) 


Hence, if the emitter current of Q1 (7, + In + 1[)) falls below Tes; (1+ hee), 
then Vez: cannot be controlled by Jp1, and the regulator cannot funetion 
properly. We thus see that, at high temperatures, where Ico and hrs are high, 
the regulator may fail when the load current falls below a certain minimum 
level. Various techniques have been proposed’? to reduce this minimum-load 
restriction due toZ¢o. The 30-Ix resistor in lig. 18-20 is added to allow opera- 
tion at low load currents. 

A power supply must be protected further from the possibility of damage 
through overload. In simple circuits protection is provided by using a fusible 
element in series with *,. In more sophisticated equipment the series transis- 
tor is such that it can permit operation at any voltage from zero to the maxi- 
mum output voltage. In case of an overload or short circuit, the circuit of 
Fig. 18-21 can provide protection. Here the diodes D1, D2 are nonconducting 
until the voltage drop across the sensing resistor Rs exceeds their forward 
threshold voltage V,. Thus, in the ease of a short circuit, the current J's would 
increase only up to a limiting point determined by 


Var t+ Va2 — Var 


Is = Rs 


Under short-circuit conditions the load current would be, approximately, 


Vi, Vn t Ve — Vor 
ee + Rs (18-60) 


f 
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From amplifier Q2 


Fig. 18-21 Short-circuit overload-protection circuit. 


Finally, an important practical consideration is the variation in output 
voltage with temperature. T'rom Eq. (18-54) we see that, appreximately, 


AVo _ (AVa | AVam Ry 
AT G. + aT ie i i) dla 
Thus cancellation of temperature coefficients between the reference diode 
D1 and the transistor Q2 can result in a very low AVo,AT. The GE reference 
amplifiers RA-1, RA-2, and RA-3 have been designed for this purpose. They 
are integrated devices composed of a reference diode and n-p-n transistor in 


a single chip. Typical temperature coefficients for these units are better than 
+0.002 percent/°C, 


18-11 MONOLITHIC REGULATORS" 


The voltage regulator of Fig. 18-16 can be fabricated on a single silicon chip, 
thus offering all the benefits derived from integrated circuits: low cost, high 
performance, small size, and ease of use. Using monolithic regulators, it is 
possible to distribute unregulated voltage through electronic equipment and 
provide regulation locally, for example, on individual printed circuit (PC) 
boards. Among the advantages of this approach are greater flexibility in 
voltage levels and regulation for individual stages and improved isolation and 
decoupling of these stages. lonolithie regulators are available that operate 
in the voltage range from 0 to 1,000 V, and with external pass elements the 
current range extends to 60 A or more. 

The circuit of a monolithic regulator is substantially more complex than 
the discrete configuration of Tig. 18-20. The added complexity is due to the 
fact that a multitransistor differential amplifier is used to provide the amplifica~ 
tion Ay shown in Tig. 18-16, rather than a single transistor, as is the case in 
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Fig. 18-20. In addition, the Zener reference voltage is compensated with the 
use of proper circuitry so that it has zero temperature coefficient. JT ortunately, 
it is relatively easy to add transistors and diodes on a monolithic chip without 
increasing significantly its cost. 

An example of a 200-mA IC regulator is shown in Fig. 18-22. The 
National Semiconductor Corporation LAL 105 contains the voltage reference 
and the error amplifier, as shown in Fig. 18-16. The external transistor 
2N3740 increases the power-handling capacity of the IC to 200 mA, and the 
output voltage is set by #, and Ry. A fraction of the output roltage is com- 
pared by the error amplifier with an internal 1.8-V reference. Any error is 
amplified and used to drive the 2N3740 power transistor, which is the pass 
element. Resistor Rs provides current limiting because the voltage drop 
across it is applied to the emitter-to-base junction of a transistor in the IC. 
When that transistor is turned on, it removes the drive from the pass element 
2N3740, and the regulator output exhibits a constant-current characteristic; 
that is, the output voltage drops to zero when the load current exceeds a pre- 
determined value. When used with external pass elements, the tantalum 
capacitor C must be used to suppress any oscillations and provide low output 
impedance at high frequencies. External capacitor C2 is used to compensate 
the internal error amplifier and thus avoid instability. 

The output voltage of the LAI 105 is adjustable from 4.5 to 40 V, and the 
output currents in excess of 10 A are possible by adding external series pass 
transistors. Ripple rejection is 0.01 percent, and full-load regulation with 
current limiting is 0.1 percent. 


Rs 
© » 
Vv, =15V 
16.7K 
Qi 
2N38740 Cy 
1ypF 


Fig. 18-22 A voltage regulator system using the LM 105 IC and with an 
external pass transistor Q1 for 200-mA operation. 
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18-12 THE FOUR-LAYER DIODE!2 


In the remaining sections of this chapter we examine the p-n-p-n diode, the 
silicon controlled switch, and the basic techniques used to control power with 
these solid-state devices. 

The p-n-p-n diode when biased with the anode positive has two stable 
states. One is a very high resistance state, typically of the order of 100 AI, 
and the other a very low resistance state, typically less than 10 ®. When 
reverse-biased, this device acts like a typical p-n diode, having a very low 
leakage current. The device consists of four layers of silicon doped alter- 
nately with p- and n-type impurities, as shown in Fig. 18-23. Because of this 
structure it is called a p-n-p-n (often pronounced ‘‘pinpin’’) diode or switch. 
The terminal P region is the anode, or p emitter, and the terminal N region is 
the cathode, or 2 emitter. When an external voltage is applied to make the 
anode positive with respect to the cathode, junctions /, and J3 are forward- 
biased and the center junction J. is reverse-biased. The externally impressed 
voltage appears principally across the reverse-biased junction, and the current 
which flows through the device is small. As the impressed voltage is increased, 
the current increases slowly until a voltage called the firing, or breakover, 
voltage Vago is reached where the current increases abruptly and the voltage 
across the device decreases sharply. At this breakover point the p-n-p-n diode 
switches from its orF (also called blocking) state to its on state. 

In Tig. 18-24a, the p-n-p-n switch has been split into (wo parts which 
have been displaced mechanically from one another but left electrically con- 
nected. This splitting is intended to illustrate that the device may be viewed 
as two transistors back to back. One transistor is a p-n-p type, whereas the 
second is an n-p-rn type. The N region that is the base of one transistor is the 
collector of the other, and similarly for the adjoining P region. The junction /2 
is a common-collector junction for both transistors. In Tig. 18-24b the arrange- 
ment in Fig. 18-24a has been redrawn using transistor-circuit symbols, and 
a voltage source has been impressed througli a resistor across the switch, giving 


Cathode K 
eer 
ia i, Fig. 18-23 (a) A four-layer p-n-p-n diode; 
ia Se J, (b) circuit symbol (resembles the numeral 4). 
Anode A 


(a) () 
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dy dy 


seed Base | Collector 
Anode 


Fig. 18-24 (a) The p-n-p-n diode is 


redrawn to make it appear as two Transistor Q2 le | 
ri Base | Emitter 


interconnected ‘transistors.’ (b) 
The two interconnected transistors da J 
are supplied current from a source 
through a resistor. 


(b) Vv ze 


rise to acurrent J. Collector currents I¢1 and Js for transistors Q1 and Q2 
are indicated. In the active region the collector current is given by 


Ie = —alz + Ico (18-62) 


with Iz the emitter current, Ico the reverse saturation current, and a the short- 
circuit common-base forward current gain. We may apply Eq. (18-62), in 
turn, to Q1 and Q2. Since Zz; = +7 and Ig. = —I, we obtain 


Ie = —ayl + I¢oi (18-63) 

lea = aol + Loeo2 (18-64) 
For the p-n-p transistor Ico: is negative, whereas for the n-p-n device Ico: is 
positive. Hence we write I¢g2 = —Ico. = Ico/2. Setting equal to zero the 
sum of the currents into transistor @1, we have 

I + Toy = lee = 0 (18-65) 
Combining Eqs. (18-63) through (18-65) we find 

f= Ico2 =. Icon = Leo (18-66) 

a ay a2 1 Oy ae 


We observe that as the sum a; + a approaches unity, Eq. (18-66) indicates 
that the current J increases without limit; that is, the device breaks over. 
Such a development is not unexpected in view of the regenerative manner 
in which the two transistors are intereonnected. The collector current of 
Q1 is furnished as the base current of Q2, and vice versa. When the p-n-p-n 
switel: is operating in such a mauner that the sum a + ay is less than unity, 
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the switch is in its orr state and the current J is small. When the condition 
a1 + a, = 1 is attained, the switch transfers to its on state. The voltage 
across the switch drops to a low value and the current becomes large, being 
limited by the external resistance in series with the switch. 

The reason why the device can exist in either of two states is that at 
very low currents a; and a, may be small enough so that a; + a2 < 1, whereas 
at larger currents the a’s increase, thereby making it possible to attain the 
condition ay + a= 1. Thus, as the voltage across the switch is increased 
from zero, the current starts at a very small value and then increases because 
of avalanche multiplication (not avalanche breakdown) at the reverse-biased 
junction, This inerease in current inereases a, and a». When. the sum of 
the small-signal avalanche-enhanced alphas equals unily, a, + a2 = 1, breakouv- 
occurs. At this point, the current is large, and a; and as might be expected 
individually to attain values in the neighborhood of unity. If such were the 
case, then Jéq. (18-66) indicates that the current might be expected to reverse. 
What provides stability to the on state of the switch is that in the on state the 
center junction becomes forward-biased. Now all the transistors are in 
saturation and the current gain @ is again small. Thus stability is attained 
by virtue of the fact that the transistors enter saturation to the extent neces- 
sary to maintain the condition a; + a. = 1. 

In the ow state all junctions are forward-biased, and so the total voltage 
across the device is equal very nearly to the algebraic sum of these three 
saturation junction voltages. The voltage drop across the center junction 
J», is in a direction opposite to the voltages across the junctions J; and J3. 
This feature serves additionally to keep quite low (2Vre,sa, — Vegsat © 1.0 V) 
the total voltage drop across the switch in the on state. 

The operation of the p-n-p-n switch depends, as we have seen, on the 
fact that at low currents, the current gain a may be less than one-half, a 
condition which is necessary if the sum of two a’s is to be less than unity. . 
This characteristic of a is not encountered in germanium but is distinctive 
of silicon, where it results from the fact that at low currents an appreciable 
part of the current which crosses the emitter junction is caused by recombina- 
tion of holes and electrons in the transition region rather than the injection of 
minority carriers across the junction from emitter to base. In germanium 
it is not practicable to establish a, -- a, <1. Therefore germanium struc- 
tures incline to settle immediately in the on state and have no stable oF state. 
Accordingly, germanium p-n-p-n switches are not available. We shall see in 
the discussion below that the p-n-p-n structure and mechanism are basic to a 
large number of other switching devices. 


18-13 p-n-p-n CHARACTERISTICS 


The volt-ampere characteristic of a p-n-p-n diode, not drawn to scale, is shown 
in Fig. 18-25. When the voltage is applied in the reverse direction, the two 
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Fig. 18-25 Volt-ampere characteristic of the p-n-p-n 
diode. 


outer junctions of the switch are reverse-biased. At an adequately large volt- 
age, breakdown will occur at these junctions, as indicated, at the “reverse ava- 
lanche” voltage Vea. However, no special interest is attached to operation in 
this reverse direction. 

When a forward voltage is applied, only a small forward current will flow 
until the voltage attains the breakover voltage Vso. The corresponding cur- 
rent is Jeo. If the voltage V, which is applied through a resistor as in Fig. 
18-24, is increased beyond Vz, the diode will switch from its orF (blocked) 
state to its on (saturation) state and will operate in the saturation region. 
The device is then said to iaich. If the voltage is now reduced, the switch will 
remain on until the current has decreased to Iy. This current and the cor- 
responding voltage Vy are called the holding, or latching, current and voltage, 
respectively. The current Jy is the minimum current required to hold the 
switch in its on state. 

There are available p-n-p-n switches with voltages Vzo in the range from 
tens of volts to some hundreds of volts. The current Igo is of the order, at 
most, of some hundreds of microamperes. In this orr range up to breakover, 
the resistance of the switch is the range from some megohms to several hundred 
megohms, 

The holding current varies, depending on the type, in the range from sev- 
eral milliamperes to several hundred milliamperes. The holding voltage is 
found to range from about 0.5 to about 20 V. The incremental resistance 
Ry in the saturation state is rarely in excess of 10 2 and decreases with increas- 
ing current. At currents of the order of amperes (which can be sustained 
briefly under pulsed operation), the incremental resistance may drop to as low 
as some tenths of an ohm. 

The switching parameters of the four-layer diode are somewhat tempera- 
ture-dependent. A decrease in temperature from room temperature to —60°C 
has negligible effect on Vac, but a temperature increase to +100°C will decrease 
Vo by about 10 percent. J; decreases substantially with increase in tempera- 
ture and increases to a lesser extent with decrease in temperature. 
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el 


Fig. 18-26 p-n-p-n diode in oFF 


Di 


Anode 9 Cathode state to illustrate the origin of the 


rate effect, 


Rate Effect We can see that the breakover voltage of a p-n-p-n switch 
depends on the rate’? at which the applied voltage rises. In Vig. 18-26 we 
have represented the switch in the orF state as a series combination of three 
diodes, two forward-biased and the center one reverse-biased. Across this 
latter diode we have placed a capacitance which represents the transition 
capacitance across this reverse-biased junction. When the applied voltage v 
increases slowly enough so that the current through C may be neglected, we 
must wait until the avalanche-increased current through D2 (which is also 
the current through D1 and D3) increases to the point where the current gains 
satisfy the condition a: + a = 1. When, however, » changes rapidly, so 
that the capacitor voltage changes at the rate duc, dt, a current C' duc, dt passes 
through C and adds to the current in D1 and D3. The current through D2 
need not be as large as before to attain breakover, and switching takes place 
at a lower voltage. The capacitance at the reverse-biased junction may lie 
in the range of some tens of picofarads to over 100 pI, and the reduction in 
switching voltage may well make itself felt for voltage rates of change duc, dé 
of the order of tens of volts per microsecond. 


Bilateral Diode Switch!? The p-n-p-n switch of Fig. 18-23 is limited 
to one direction of current flow when it is in the low-resistance or on state. 
By arranging two p-n-p-n sections in parallel but in opposite order, as shown 
in Fig. 18-27a, it is possible to obtain bilateral current flow since there are two 
on states. Thus, when the device is in the on state in one direction, one sec- 
tion conducts current, whereas for the inverse on state, the other section con- 
ducts and the current reverses. This symmetrical (bilateral) volt-ampere 
characteristic is indicated in Fig. 18-27e. 


18-14 THE SILICON CONTROLLED RECTIFIER!*:15 


The structure of the silicon controlled rectifier (SCR) consists of four alternate 
p- and n-type layers, as in the four-layer diode. In the SCR (also called a 
thyrisior) connections are made available to the inner layers which are not 
accessible in the diode. The cireuit symbol for the SCR is shown in Vig. 18-28. 
The terminal connected to the P region nearest the cathode is called the cathode 
gate, or p base, and the terminal connected to the N region nearest the anode 
is called the anode gate, or n base. In very many switch types both gates are 
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Fig. 18-27 (a) Bilat- 
eral diode switch; (b) 
the circuit symbol; (c) 


yolt-ampere character- 
istic is symmetrical p 


about the origin. 


(a) (b) 


not brought out. Where only one gate terminal is available it is ordinarily 
the cathode gate. 

The usefulness of the gate terminals rests on the fact that currents intro- 
duced into one or both gate terminals may be used to control the anode-to- 
cathode breakover voltage. Such behavior is to be expected on the basis 
of the earlier discussion of the condition a1 + a2 = 1 which establishes the 
firing point. If the current through one or both outer junctions is increased 
as a result of currents introduced at the gate terminals, then @ increases and 
the breakover voltage will be decreased. In Fig. 18-29 the volt-ampere 
characteristic of an SCR is shown for various cathode-gate currents. We 
observe that the firing voltage is a function of the gate current, decreasing 
with increasing gate current and increasing when the gate current is negative 
and consequently in a direction to reverse-bias the cathode junction. The 
current after breakdown may well be larger by a factor of 1,000 than the 
current before breakdown. When the gate current is very large, breakover 
may occur at so low a voltage that the characteristic has the appearance of a 
simple p-n diode. 

Suppose that a supply voltage is applied through a load resistor between 
anode and cathode of a silicon controlled rectifier. Consider that the bias is 


Fig. 18-28 Circuit symbol used for the SCR. 


Cathode gate, 
Ge 


Cathode 
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Fig. 18-29 Volt-am- 
pere characteristics of 
a three-terminal SCR, 
illustrating that the for- 
ward breakover volt- 
age is a function of the 
cathode-gate current. 
(Not drawn to scale.) 


such that the applied voltage is less than breakover voltage. Then the rectifier 
will remain orr and may be turned on by the application to the gate of a 
triggering current or voltage adequate to lower the breakover voltage to less 
than the applied voltage. The rectifier having been turned on, it latches, and 
it is found to be impractical to stop the conduction by reverse-biasing the gate. 
For example, it may well be that the reverse gate current for turnoff is nearly 
equal to the anode current. Ordinarily, the most effective and commonly 
employed method for turnoff is, temporarily at least, to reduce the anode 
voltage below the holding voltage Vz, or equivalently to reduce the anode 
current below the holding current Jy. The gate will then again assume con- 
trol of the breakover voltage of the switch. 


Gate on and orr Times The process by which the SCR changes state 
occupies a finite time interval. When a triggering signal is applied to a gate 
to turn a switch on, a time interval, the durn-on time, elapses before the transi- 
tion is completed. This turn-on time decreases with increasing amplitude 
of trigger signal, increases with temperature, and increases also with increasing 
anode current. If the triggering signal is a pulse, then, to be effective, not 
only must the pulse amplitude be adequate, but the pulse duration must be at 
least as long as a critical value called gate time to hold. Otherwise, at the 
termination of the gating pulse, the SCR will fall back to its original state. A 
similar situation applies in driving the switch orr by dropping the anode 
voltage. At a minimum, the anode voltage must drop below the holding 
voltage. If, however, the anode voltage is driven in the reverse direction, the 
turnoff time may thereby be reduced. The turnoff time increases with temper- 
ature and with increasing magnitude of anode current. J'urther, the anode 
voltage must be kept below the maintaining voltage for an interval at least 
as long as a critical value, called the gate recovery time, if the transition is to 
persist after the anode voltage rises. 
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In fast units, all the time intervals are in the range of tenths of micro- 
seconds, whereas in slower units, these times may be as long as several micro- 
seconds. In general, the time required to turn a switch orr is longer than the 
time required to turn it on. 


Characteristics SCRs with currents in excess of 100 A and operating 
voltages up to about 1,000 V are available. The holding voltage is of the 
order of magnitude of 1 V. The ratio of the continuous allowable anode 
current to the forward gate current required to switch on is rarely less than 
several thousand. For example, a gate current of less than 50 mA will turn 
on an anode current of 100 A. 

A three-terminal silicon controlled switch (SCS) is a device which is similar 
to the SCR, except that it is mechanically smaller and is designed to operate 
at lower currents and voltages. The switches are intended for low-level appli- 
cations. They have lower leakage and holding currents than SCRs, require 
small triggering signals, and have more uniform triggering characteristics from 
sample to sample of a given type. 

Silicon controlled rectifiers suffer from the same rate effect as do four- 
layer diodes. The inclination to fire prematurely because of the rate effect 
may be suppressed by bypassing the gate to the cathode through a small 
capacitance. This component will shunt current past the cathode-gate junc- 
tion in the presence of a rapidly varying applied voltage, but will have no 
effect on the de operation of the switch. 


The Triac, or Bilateral Triode Switch'® The triac is a three-terminal 
silicon switch which can be triggered with either positive or negative gate 
pulses when the anode potentials are positive or negative, respectively. Thus 
the triac is an ac switch which can be made to conduct on both alterations 
(half cycles) of an ac voltage. The construction and operation of the triac 
is based on the SCS principle and relies on the strategic placement of junctions, 
as shown in Fig. 18-30a. Note that the triac is a five-layer mi-pi-N2-po-ns 
device, which may be considered to consist of an m\~pi-no-p2 section in parallel 
with a p\-m-peng section, as indicated in Tig. 18-30a. An additional lateral 
n region serves as the control gate. The triac is therefore a double-ended SCR, 
or thyristor. 


18-15 POWER CONTROL!” 7 


There are a number of applications which require a controlled amount of cur- 
rent. These include electric welding, lighting-control installations, motor- 
speed control, and a variety of other industrial control applications. It is 
possible to vary the amount of current supplied to the load either by controlling 
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the transformer secondary voltage or by inserting a controlling resistor in the 
output circuit. Neither of these methods is desirable. The first method may 
require expensive auxiliary equipment, and the second is characterized by poor 
efficiency. The development of SCRs and triacs has made control a rela- 
tively inexpensive process. 


SCR Control If a sinusoidal potential is applied to the SCR anode, the 
device will be turned orr once each alternate half cycle (when the voltage 
falls below the holding voltage) provided it is triggered on regularly. The 
average rectified current can be varied over wide limits by controlling the 
point in each half cycle at which the SCR is turned on. 

To analyze the on-orr action of the SCR, we refer to Fig. 18-31. In this 
circuit the ac line voltage is used as the anode voltage for the SCR. A switch- 
ing device, such as a p-n-p-n diode or a neon bulb, is connected in series with 
the control terminal. When the control voltage ve exceeds the trigger break- 
down voltage Vz of the switching device D, then D goes to its low-resistance 
state and the current through the SCR gate triggers it on. In Fig. 18-31b 
the sine wave represents the input line voltage v; as a function of time. The 
trigger breakdown curve is a straight line parallel to the time axis, indicating 
that Vs is independent of the anode potential. 

Suppose that the circuit is so arranged that the control voltage ve exceeds 
the trigger breakdown voltage at some angle, say ¢, called the delay angle. 
Conduction will start at this point in the cycle. The voltage drop across the 
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SCR during conduction remains constant at a low value which is independent 
of current. This voltage drop (~Y’y) is of the order of 1 V. The current 
through a pure resistance load R, during the time the SCR is conducting is 
given by 
1 f 
om ME ee (18-67) 
L 

where Vis the maximum value of the applied potential. 

The resulting form of the load current is illustrated in Fig. 18-31). The 
current is seen to rise abruptly at the point corresponding to the angle ¢ and 
then follows the sine variation given in Eq. (18-67) until the supply voltage 0, 
falls below Vy at the phase  — y,. The current will remain zero until the 
phase ¢ is again reached in the next cyele. 


u; = V, sin wt 


(a) 


Fig. 18-31 (a) SCR half-wave power control circuit. (b) 
The waveshape of the load current 7z. Conduction starts at 


the angle g and stops at 7 — g, in each cycle. 


718 / INTEGRATED ELECTRONICS Sec. 18-15 


Fig. 18-32 The waveshapes of the SCR cur- 
rent and anode volfage. Conduction be- 
gins at an angle ¢ and ceases ata — , de- 
grees, Since V, >> V,, then g, ~ 0. 


The average current [the value read on a de ammeter, Eq. (4-11)] 


Tagg = “2 ies ty da = ms { ea (sin a- w) da 


° 2rRy fo 
which integrates to 
Vin Vu 
Tae = = $ Yo — = (tr — go — - 
a on Ry [ cos yo + cos » Vv, (r — ¢ 0) | (18-68) 
where a = wt, and g, is the smallest angle defined by the relation 


Vi = Vm SiN (18-69) 


If the ratio Vz, Vm is very small, then », may be taken as zero, and Ing. (18-68) 
reduces to the form : 


a a (1 + cos 9) (18-70) 
This analysis shows that the average rectified current can be controlled by 
varying the position at which the trigger voltage ve exceeds the breakdown 
voltage Vy, of the switching device D. The maximum current is obtained 
when the SCR is triggered on at the beginning of each cycle; and the minimum 
current is obtained when no conduction occurs. 
The voltage across the SCR is shown in Fig. 18-32. The applied voltage 
v; appears across the SCR until conduction begins. After breakdown the 
SCR voltage drop is a constant equal to Vy. When the applied voltage falls 
below Vy, then the SCR voltage is again equal to the applied voltage. 
The reading of a de voltmeter placed across the SCR will be 
ee ae 


Qn Jo 
1 id ’ 7 — Po 2r - 
=a (0 Vm sin ada +f" Vuda+ ["" | Vn sin ada) 
This integrates to 


4 Vn 
Vac = 5 ( — Go — 9) — a (cos » + cos ge) (18-71) 
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If V,, >> Vu, this reduces to 
Vac — Vn (1 + cos ¢) (18-72) 
2r 


The appearance of the negative sign means that the cathode is more positive 
than the anode for most of the cycle. It should be noted that the de load 
voltage is the negative of the de SCR voltage. This follows from the fact 
that the sum of the de voltages around the circuit is zero. 


EXAMPLE AnSCR is connected according to Fig. 18-31 and supplies power to a 
200-2 load resistor from a 230-V source of supply. If the trigger voltage is 
adjusted so that conduction starts at 60° after the start of each cycle, calculate 
the readings of the following meters: (a) a true rms reading ammeter in series 
with the load, (b) a true rms reading voltmeter connected across the SCR, (ce) a 
wattmeter inserted in the circuit so as to read the total power delivered by the 
ac supply. Neglect the SCR voltage drop Vu. 


Solution Since Vin>> Vu, no error is made by assuming that the conduction 
continues until the end of each positive half cycle. The instantaneous current 
through the SCR and the voltage across the SCR will have the forms shown in 
Figs. 18-81 and 18-32 with » = 60° or 7’3 rad. 


a. In the interval between 60 and 180° the instantaneous current is given by 
230-2 sin @ 
‘e200 
An ac ammeter reads the rms value of the current [Eiq. (4-15)]. For the wave 

sketched, 


= 1.625 sina 


l pe = 
=f in a)? da = = 
Tema mf iL i (1.625 sin a)? dow 4/0.533 = 0.73 A 


The limits of integration are from 60 to 180°, the current being zero outside of this 
range. 


b. The ac voltmeter reads the rms value of the voltage wave sketched. It is 
noted that between 0 and 7,’3 the SCR voltage equals the line voltage; between 
a/3 and 7, it is constant and Vz ~ 0; and between w and 2r, it again equals the 
line voltage. Thus 


] n/3 2r 
Veme = Ae [[o" (230 V2 sin a)? da +f (230 V2sin a)* de | 
178 V 


c. The instantaneous power from the ac supply is the product of the instan- 
taneous line current and the instantaneous line voltage. The wattmeter will read 
the average value of this product. Hence 


Pe = c (1.625 sin a)(230 V2 sin a) da = 107 W 
a J 


The integration extends only from 7/3 to 7, for there can be no power when the 
current is zero. 
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Rectified voltage 
Voltage applied to load 


Load 


Conduction angle 


2S) 
Control circuit 


(a) () 


Fig. 18-33 (a) Full-wave-rectification power control. The small voltage drop 
Vu across the SCR is neglected. (b) Rectified voltage and voltage applied 
to the load. 


Full-wave-rectified Operation In some applications it is desired to con- 
trol large values of de current. A diode bridge (Fig. 4-20) in series with one 
SCR, as shown in Fig. 18-33, can be used for this purpose by controlling the 
conduction angle for full-wave-rectified operation. The time during which 
the SCR is on is called the conduction angle. - 


Control Circuit The most common control circuit is the relaxation 
oscillator used to provide phase control. This circuit is shown in Fig. 18-34a, 
where the switching device may be a neon bulb or a three-, four-, or five-layer 
trigger diode. The capacitor C is charged through the resistor 2 from voltage 
source V until the switching device reaches its breakover voltage V3. At that 
time the switching device turns on and the capacitor is discharged through the 
gate of the SCR to the holding voltage Vy of the switching device, as shown in 
Fig. 18-346. The discharge current pulse turns the SCR on at a time con- 
trolled by the KC time constant. The capacitor retains a voltage after dis- 
charge equal to the holding voltage Vy as long as the SCR is on and provided 
that the current 7p exceeds the holding current Zy of the switching device. 
When the SCR anode voltage becomes negative, the gate-to-catlode junction 
becomes reverse-biased and the switching device D turnsorr. At this instant 
the capacitor starts charging again from the voltage Vz toward V with a time 
constant RC. If t= 0 is the time at which the charging of the capacitor 
starts, the voltage vc across the capacitor is given by 


ve — Va = (V — Va) — eRe) (18-73) 
This equation is consistent with the fact that ati = 0, ve must equal the hold- 


ing voltage Vz, and at ¢ = ~, v¢ must equal V. In many circuits, for low- 
cost operation, instead of a de supply V, it is common to use the ac line in 
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Switching device, D 


(a) 


(0) 


Fig. 18-34 (a) SCR relaxation oscillator phase control 
circuit; (6) anode voltage and control circuit waveform. 


series with a rectifier to charge the RC network. In that case Eq. (18-73) 
cannot be used to find the capacitor voltage. : 


EXAMPLE A 60-Hz power source is connected to the anode of an SCR as shown 
in Fig. 18-34¢. The SCR is the MCR 2304, andC = 0.1 uF. Assume V = 60 V 
and Vy = 32 V is the required voltage to trigger the switching device for which 
Vu = 10 Vand Jy = 100 vA. Find R for a conduction angle of 45°. 


Solution It is clear from Fig. 18-34 that the 45° conduction angle requires the 
capacitor to charge for 360 — 45 = 315°, or 
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If the anode voltage is positive, the SCR will fire when ve = 32 V. Hence, using 
Eq. (18-73), we find 


32 — 10 = (60 — 10)[1 — e-as.sxi0-/20] 


or 
RC = 25.2 X 1073s 
and 
me 
| 25.2 X 10 = 252K 
0.1 x 10-6 


For the proper operation of the circuit in accordance with the waveforms 
shown in Fig. 18-348, it is necessary that the current tp exceed the holding current 
Tn of the switching device during the time interval that the SCRis on. If tp drops 
below fz, the switching device D will turn orr and the capacitor will start charging 
prematurely toward V. 

Hence we require that 


Y-V 
is >In 
or 
60 — 10 
——— mA = 200 pA > 100 pA 
252 
Input voltage 
Voltage applied to load 
Line 
Conduction angle 
1 circuit 
Control circui Delay angle 
(c) 
Triac 
Line Load 2 Ry 
(b) 


Fig. 18-35 Power control using (a) two SCRs or (b) one triac. The 
small (~1 ¥) voltage drop across the SCR or triac is neglected, 
(c) Input line voltage and voltage applied to the load, showing the 
delay and conduction angles. 
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Fig. 18-36 Simple 
800-W triac light dimmer 
system. (Courtesy 
Motorola Semiconductor 
Products, Inc.) 


AC Control In many instances it is desirable to control continuously 
the amount of power dissipated in a load. Two SCRs connected in inverse 
parallel or a single triac can be used to control both the negative and the posi- 
tive half cycles of the ac power line. Figure 18-35a and b shows two simple 
power-control circuits. The phase-control circuit determines when the triac 
or one of the SCRs is triggered on, connecting the line voltage to the load. 
Figure 18-36 shows a simple 800-W light dimmer. Output power, and thus 
light intensity, are varied by controlling the phase of conduction of the triac. 
The voltage across capacitor C2 lags the ac line voltage by a number of degrees, 
determined by the value of the variable resistor R;. The bilateral diode switch 
MPT 20 has a breakover voltage Vz equal to 20 V. When the voltage on 
capacitor C, reaches 20 V, the diode switches on and the capacitor discharges 
into the gate of the triac and turns it on (on both half cycles of the line voltage). 


REFERENCES 


1, Espley, D. C.: The Calculation of Harmonic Production in Thermionic Valves with 
Resistive Loads, Proc. IRE, vol. 21, pp. 1489-1446, October, 1933. 
Chaffee, E. L.: A Simplified Harmonie Analysis, Rev. Sci. Insir., vol. 7, pp. 384~ 
389, October, 1936. 
Block, A.: Distortion in Valves with Resistive Loads, Wtreless Eng., vol. 16, pp. 
592-596, December, 1939. 


2. Millman, J.: “Vacuum-tube and Semiconductor Electronics,” p. 419, McGraw- 
Hill Book Company, New York, 1958. 


3. Gordon, M.: Class B Audio Frequency Amplification, Wireless Eng., vol. 16, pp. 
457-459, September, 1939. 
Woll, H. J.: Low-frequency Amplifiers, in L. P. Hunter (ed.), “Handbook of Semi- 
conductor Electronics,” 2d ed., chap. 11, McGraw-Hill Book Company, New York, 
1962. 
Lo, A. W,, et al.: “Transistor Electronics,” pp. 197-224, Prentice-Hall, Inc., Engle- 
wood Cliffs, N.J., 1956. 


724 / INTEGRATED ELECTRONICS Sec. 18-15 


4, 


16. 
17. 


Lohman, R. D.: Complementary Symmetry Transistor Circuits, Electronics, vol. 26, 
pp. 140-143, September, 1953. 


- Ref. 2, pp. 424-430. 


. “Semiconductor Power Circuits Hand book,” pp. 5-30 to 5-33, Motorola Semicon- 


ductor Products, Inc., Applications Engineering Department, Phoenix, Ariz., 1968. 


» Ehrsam, W.: Audio Power Generation Using IC Operational Amplifiers, Jfotorela 


Semiconductor Products, Inc., Appl. Note AN-275. 


. Wilson, E. C., and R. T. Windecker: DC Regulated Power Supply Design, Soléd- 


State J., November, 1961, pp. 37-46. 


. Texas Instruments, Inc.: “Transistor Circuit Design,” chap. 9, McGraw-Hill Book 


Company, New York, 1963. 


. Moores, H. T.: Design Procedure for Power Transistors, Part 2, Electron. Design, 


September, 1955, pp. 43-45. 


- Kesner, D.: Monolithic Voltage Regulators, IEEE Spectrum, vol. 7, no. 4, pp. 


24-32, April, 1970. 


- Moll, J. L., M. Tannenbaum, J. M. Goldey, and N. Holonyak: p-n-p-n Switches, 


Proc. IRE, vol. 44, pp. 1174-1182, 1956. 


. Gentry, F. E., et al.: “Semiconductor Controlled Rectifiers,” pp. 189-141, Prentice- 


Hall, Inc., Englewood Cliffs, N.J., 1964. 


. “Transistor Manual,” 7th ed., chap. 16, General Electric Company, Syracuse, 


N.Y., 1964. 


. “Semiconductor Power Circuits Handbook,” Motorola Semiconductor Products, 


Inc., Phoenix, Ariz., 1968. 
Ref. 13, pp. 142-148. 


Gentry, F. E., et al.: “Semiconductor Controlled Rectifiers,” chap. 8, Prentice- 
Hall, Ine., Englewood Cliffs, N.J., 1964. 


REVIEW QUESTIONS 


18-1 Derive an expression for the output power of a class A large-signal amplifier 


in terms of Vinaxy Vining Lax, 2Nd Dein. 


18-2 Discuss how rectification may take place in a power amplifier. 

18-3 Define intermodulation distortion. 

18-4 Describe the five-point method of computing harmonic distortion. 

18-5 Draw the diagram of a transformer-coupled single-transistor output stage 


and explain the need for impedance matching. 


18-6 Explain why the circuit of Rev. 18-5 exhibits a maximum in the power- 


output vs. load resistance curve. 


18-7 (a) Define the conversion efficiency 4 of a power stage. (b) Derive a simple 
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expression for 7. (¢) Compare the maximum efficiency of a series-fed and transformer- 
coupled class A single-transistor power stage. 

18-8 (a) Explain why even harmonics are not present in a push-pull amplifier. 
(b) Give two additional advantages of this circuit over that of a single-transistor 
amplifier. 

18-9 Derive a simple expression for the output power of an idealized class B 
push-pull power amplifier. , 

18-10 Show that the maximum conversion efficiency of the idealized class B 
push-pull circuit is 78.5 percent. 

18-11 Using two complementary silicon transistors, draw a simple class 13 push- 
pull amplifier circuit which does not use an output transformer. 

18-12 (a) Explain the origin of crossover distortion. (6) Describe a method to 
minimize this distortion. 

18-13 Draw the circuit of a class AB power amplifier using an op amp with dif- 
ferential output and two diserete complementary power transistors. 

18-14 (a) Draw a simplified circuit diagram of a regulated power supply. (®) 
What type of feedback is employed by this regulator? 

18-15 List three reasons why an unregulated supply is not good enough for sonie 
applications. 

18-16 Define input regulation factor, oulpul resistance, and temperature coefficient 
for a voltage regulator. 

18-17. Explain two methods of decreasing the value of Sy for a series-voltage 
regulator. 

18-18 What is a transistor preregulator? Draw the circuit diagram. 

18-19 Draw the short-circuit overload protection circuit, and explain its operation. 

18-20 Give the voltage and current range for commercial IC voltage regulators. 

18-21. How is short-cireuit current protection provided for an IC regulator? 
Draw the circuit diagram, 

18-22 Jescribe three advantages of IC voltage regulators. 

18-23 (a) Explain the reason why the p-n-p-n silicon diode can exist in either of 
two states. (b) Why is it not possible to construct a germanium p-n-p-n switching 
diode? 

18-24 Draw the volt-ampere characteristic of a four-layer diode. 

18-25 Give the order of magnitude for the holding current and holding voltage 
of a four-layer diode. 

18-26 Describe the rate effect in a p-n-p-n diode. 

18-27. For the bilateral diode switch sketch (a) its cross section and (8) its volt- 
ampere characteristic. 

18-28 Draw the volt-ampere characteristics of the silicon controlled rectifier 
(SCR) as a function of gate current. 

18-29 (a) Describe a (riac. (b) Draw a cross section of a triac. 

18-30 (a) Draw a half-wave SCR circuit. (6) Indicate the current and voltage 
waveforms of the SCR. 

18-31 (a) Draw the circuit for fullxwave SCR power control. (6) Indicate the 
eurrent and voltage waveform control. 

18-32 (a) Draw the phase-shift SCR control circuit using an RC relaxation ¢ir- 
cuit. (b) Explain the operation of this cireuit using appropriate waveforms. 

18-33 (a) Give the circuit of a light dimmer, using a triac and employing phase 
control. (8) Explain how the lamp light intensity is controlled with this circuit. 


/s SEMICONDUCTOR-DEVICE 
PHYSICS 


Fermi-Dirac statistics are applied to a metal and to a semiconductor. 
The band structure of a p-n junction diode is given, and the tunnel 
diode volt-ampere characteristic is explained. The equation of con- 
tinuity is explored further. Quantitative analyses are made of the 
current components in a diode, and the Ebers-Moll equations for a 
transistor are derived. 


19-1 ENERGY DISTRIBUTION OF ELECTRONS IN A METAL 


It is important to know what energies are possessed by the mobile 
carriers in a solid. This relationship is called the energy disiribution 
function. In this section the discussion is limited to free electrons in 
a metal, and in subsequent sections it is generalized to include mobile 
electrons and holesin a semiconductor. We first discuss the potential 
variation in a metal. 


Simplified Potential-energy Picture of a Metal The region in 
which the free electrons find themselves is essentially a potential 
plateau, or equipotential region. It is only for distances close to an 
ion that there is any appreciable variation in potential. Since the 
regions of rapidly varying potential represent but a very small portion 
of the total volume of the metal, we henceforth assume that the field 
distribution within the metal is equipotential and the free electrons 
are subject to no forees whatsoever. The present viewpoint is therefore 
essentially that of classical electrostatics. 

In Fig. 19-1 all potential-energy variations within the metal have 
been omitted and only the potential barrier at the surface is included. 
A conduction electron may move freely within the interior of the metal, 


726 


Sec. 19-7 SEMICONDUCTOR-DEVICE PHYSICS / 727 


Energy, eV 


Fig. 19-1 For the free electrons, the interior 
of a metal may be considered an equi- 


Outside of metal 


potential volume, but there is a potential 
barrier at the surface. 


Distance, x 


but it cannot escape through the surface unless it has an energy at least equal 
to Ep. The existence of the surface barrier is readily understood. If an 
electron tries to escape from a metal, it will induce a positive charge on the 
surface, because the metal was originally neutral. There will be a force of 
attraction between this induced charge and the electron. Unless the electron 
possesses sufficient energy to carry it out of the region of influence of this image 
force, it will be forced back into the metal. Clearly, a potential-energy barrier 
exists at the surface. We are interested in knowing if there are any electrons in 
the interior with sufficient energy Bs to escape. In other words, we need to 
know the energy distribution of the free electrons within the metal. We digress 
briefly to make clear what is meant by a distribution function. 


Age Density Suppose that we were interested in the distribution in age 
of the people in the United States. A sensible way to indicate this relation- 
ship is shown in Fig. 19-2, where the abscissa is age and the ordinate is pa, the 
density of the population in age. This density gives the number dua of people 
whose ages lie in the range between A and A + dA, or 


dna = pa dA (19-1) 


The data for such a plot are obtained from census information. We see, for 
example, that the number of persons of ages between 10 and 12 years is repre- 
sented by dia, with pa = 2.25 million per year chosen as the mean ordinate 


3 —7 a oa | 
fo 4 : : 
oS 
8 
5 2 ~ 
3 
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Fig. 19-2 The distribution 4 
function in age of people in Fe 1 = 
the United States. E 
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between 10 and 12 years, and dA is taken as 12 —10 = 2 years. Thus 
dng = pa dA = 4,50 million. Geometrically, this is the shaded area of Tig. 
19-2. Evidently, the total population 1 is given by 


r= f dna = fpa aA (19-2) 


or simply the total area under the curve. 


Energy Density We are now concerned with the distribution in energy 
of the free electrons in a metal. By analogy with Eq. (19-2), we may write 


dnz = pedE (19-3) 


where dnz represents the number of free electrons per cubic meter whose 
energies lie in the energy interval dE, and pz gives the density of electrons 
in this interval. Since our interests are confined only to the free electrons, 
it is assumed that there are no potential variations within the metal. Hence 
there must be, a priori, the same number of electrons in each cubic meter 
of the metal. That is, the density in space (electrons per cubic meter) is 
a constant. However, within each unit volume of metal there will be elec- 
trons having all possible energies. It is this distribution in energy that is 
expressed by pz (number of electrons per electron volt per cubic meter of metal). 
The function pg may be expressed as the product 


pz = f(E)N(B) (19-4) 


where N(E) is the density of states (number of states per electron volt per 
cubie meter) in the conduction band, and f(#) is the probability that a quan- 
tum state with energy H is occupied by an electron. 

The expression for N(E) is derived in the following section and is given by 


N(E) = yE} (19-5) 


where ¥ is a constant defined by 
es 7 (2m)4(1.60 X 10-#)4 = 6.82 x 1027 (19-6) 


The dimensions of y are (m7)(eV)-3; m is the mass of the electron in kilo- 
grams; and A is Planck’s constant in joule-seconds. 


19.2 THE FERMI-DIRAC FUNCTION 


The equation for f(Z) is called the Fermi-Dirac probability function, and specifies 
the fraction of all states at energy E (electron volts) occupied under conditions 
of thermal equilibrium. From quantum statistics it is found! that 


1 


SE) = ae (19-7) 
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where k = Boltzmann constant, eV/°K 
7 = temperature, °K 

Ep = Fermi level, or characteristic energy, for the crystal, eV 
The Fermi level represents the energy state with 50 percent probability of 
being filled if no forbidden band exists. The reason for this last statement is 
that, if # = Ep, then f(Z) = 4 for any value of temperature. A plot of f(£) 
versus E — Er is given in Fig. 19-30 and of BE — Ey versus f(Z) in Fig. 19-3, 
both for 7’ = 0°K and for larger values of temperatures. When 7’ = 0°K, 
two possible conditions exist: (1) if ZH > Ey, the exponential term becomes 
infinite and f(E) = 0. Consequently, there 7s no probability of finding an occu- 
pied quantum state of energy greater than Er at absolute zero. (2) If EH < Ep, 
the exponential in Eq. (19-7) becomes zero and f(Z) = 1. All quantum levels 
with energies less than Ep will be occupied at T = O°K. 

From Eqs. (19-4), (19-5), and (19-7), we obtain at absolude zero temperature 


yE} for E < Er 


pe = |g for E > Er (19-8) 


Clearly, there are no electrons at 0°K which have energies in excess of By. 
That is, the Fermi energy is the maximum energy that any electron may 
possess at absolute zero. The relationship represented by Eq. (19-8) is called 
the completely degenerate energy distribution function. Classically, all particles 
should have zero energy at O°K. The fact that the electrons actually have 
energies extending from 0 to Er at absolute zero is a consequence of the Pauli 
exclusion principle, which states that no two electrons may have the same 
set of quantum numbers (Sec. 1-6). Hence not all electrons can have the 
same energy even at O°Ks. 


T = 2500°K 


T=300°K 
0.2 T=0°K 


-10 -06 -0.2 0 02 0.6 1.0 at) 02 04 06 08 410 f(£) 


(a) (d) 
Fig. 19-3 The Fermi-Dirac function f(Z) gives the probability that a state of en- 
ergy [is occupied. 
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Fig. 19-4 Energy distribution in a metal at 0 and : 
2500°K. 


A plot of the distribution in energy given by Eqs. (19-4) and (19-8) for 
a metal at 7 = 0°K and T = 2500°IC is shown in Fig. 19-4. The area under 
each curve is simply the total number of free electrons per cubic meter of the 
metal; hence the two areas must be equal. Also, the curves for all tempera- 
tures must pass through the same ordinate, namely, pg = yE ri 2, at the point 
H = Ey, since, from Eq. (19-7), f(#) = 4 for B= Ey. 

A most important characteristic is to be noted, viz., the distribution 
function changes only very slightly with temperature, even though the tem- 
perature change is as great as 2500°KX. The effect of the high temperature 
is merely to give those electrons having the high energies at absolute zero 
(those in the neighborhood of Ep) still higher energies, whereas those having 
lower energies have been left practically undisturbed. Since the curve for 
T = 2500°K approaches the energy axis asymptotically, a few electrons will 
have large values of energy. 


The Fermi Level An expression for Ep may be obtained on the basis of 
the completely degenerate function. The area under the curve of Fig. 19-4 
represents the total number of free electrons (as always, per cubic meter of 
the metal). Thus 


fies f, ** BM dE = 2yKqt 


Hes (=) (19-9) 


Inserting the numerical value (6.82 x 10?) of the constant y in this expression, 
there results 

Ey = 3.64 X 10-!n!4 (19-10) 
Since the density 7 varies from metal to metal, Hr will also vary among metals. 
Knowing the specific gravity, the atomic weight, and the number of free elec- 
trons per atom, it is a simple matter to calculate n, and so Ep. For most 
metals the numerical value of Zp is less than 10 eV. 


19-3 THE DENSITY OF STATES 


As a preliminary step in the derivation of the density function N(Z), we first 
show that the components of the momentum of an electron in a metal are 
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quantized. Consider a metal in the form of a cube, each side of which has a 
length L. Assume that the interior of the metal is at a constant (zero) poten- 
tial but that the potential-energy barrier (Fig. 19-1) at the surface is arbitrarily 
high, so that no electrons can escape. Hence the wave functions [Sec. (1-5)] 
representing the electrons must be zero outside the metal and at the surface. A 
one-dimensional model of the potential-energy diagram is given in Fig. 19-5a, 
and two possible wave functions are indicated in Fig. 19-5b andc. Clearly, this 
situation is possible only if the dimension LZ is a half-integral multiple of the 
De Broglie wavelength X, or 
aN 


Ls Ne 5 (19-11) 


where nz is a positive integer (not zero), From the De Broglie relationship 
(1-15), \ = h/p, and the component of momentum is 
_ Mah 
Dz as on : 
Hence the momentum is quantized since pz can assume only values which are 
integral multiples of h/2L. 
The energy W (in joules) of the electron in this one-dimensional problem is 


(19-12) 


al pe be Neyth® 

~ 2m &mL? a 
‘The wave nature of the electron has led to the conclusion that its energy must 
also be quantized. Since n, = 1, 2, 3, ..., the lowest possible energy is 


h?/8mL?, the next energy level is h?/2mL?, etc. 


Quantum States in a Metal The above results may be generalized to 
three dimensions. For an electron in a cube of metal, each component of 
momentum is quantized. Thus 


Pr = Nep = Py = NyP = Pe = Msp (19-14) 
¥ ¥ 
—T; i 16, ve; 
x 
(a) (b) (c) 


Fig. 19-5 (a) A one-dimensional problem in which the 
potential U is zero for a distance L but rises abruptly 
toward infinity at the boundaries z = 0 and x = L. 
(b,c) Two possible wave functions for an electron in the 
system described by (a). 
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Py 

4ph . . ° ° Fig. 19-6 The p:-py plane in 
momentum space. Each dot 

3p} ° e ° e° represents three quantum num- 


d, 
rr bers, nz, Ny, and, = 2, There 


2p are two electrons per dot, corre- 


sponding to the two possible 
values of spin. 


Pz = 2p 0 p 2p 3p 4p De 


where p = h/2L, and ne, ny, and nm, are positive integers. A convenient pic- 
torial representation may be obtained by constructing three mutually perpen- 
dicular axes labeled p,, py, and p,. This “‘volume” is called momentum space. 
The only possible points which may be occupied by an electron in momentum 
space are those given by Eq. (19-14). These are indicated in Fig. 19-6, where 
for clarity we have indicated points only in a plane for a fixed value of p, (say, 
Pz = 2p). By the Pauli exclusion principle (Sec. 1-6), no two electrons in a 
metal may have the same four quantum numbers, nz, my, 7,, and the spin 
number s. Hence each dot in Fig. 19-6 represents two electrons, one fors = 4 
and the other for s = —d. 

We now find the energy density function N(Z). Since in Fig. 19-6 there 
is one dot per volume p* of momentum space, the density of electrons in this 
space is 2,'9%, The magnitude of the momentum is p = (p,? + p,? + p22)? 
The electrons with momentum between p and p + dp are those lying in the 
shaded spherical shell of Fig. 19-6. This number is 


2 a cea (1\ _-xptdp _ Balint dp 
Fi ies (5) (h/2L)* i ole 


The factor ¢ introduced in this equation is due to the fact that only positive 
values of nz, my, and m, are permissible, and hence that only part of the shell 
in the first octant may be used. 

If W is the energy (in joules), then W = p?'2m. Hence 


p = (2mW)! pdp =mdw p? dp = 2miW? dw (19-16) 


If N(W) is the density of states (per cubie meter), then, since the volume of 
the metal is Z', it follows from Eq. (19-15) that 


8rp? dp | 
RS 


N(W) aw = (19-17) 
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gives the number of electrons with momenta between p and p + dp, corre- 
sponding to energies between JV and W + dIV. Substituting for p? dp from 
Iq. (19-16) in Eq. (19-17), we finally obtain 


N(W) dl = - (2m) dW (19-18) 


If we use electron volts / instead of joules W as the unit of energy, then, 
since WW = 1.60 X 107° (Sec. 1-3), the energy density N(Z) is given by 
Eq. (19-5), with y defined in Eq. (19-6). 


19-4 ELECTRON EMISSION FROM A METAL 


In order for an electron to escape from the surface of a metal it must have 
an energy at least equal to the barrier height Hy in Fig. 19-1. The energy 
distribution curve of Tig. 19-4 indicates the energy of the electrons inside 
the metal. Hence these two diagrams may be combined so as to indicate 
which electrons may escape. If I'ig. 19-4 is replotted so that the vertical 
axis represents energy and the horizontal axis energy density, it may be placed 
alongside of Vig. 19-1, whose vertical axis also signifies energy. This con- 
struction is indicated in Tig. 19-7. 


Work Function At 0°K it is impossible for an electron to escape from the 
metal because this requires an amount of energy equal to Zz, and the maximum 
energy possessed by an electron is only Mp. It is necessary to supply an 
additional amount of energy equal to the difference between My, and Er in 
order to make this escape possible. This difference, written Wy, is known as 
the work function of the metal. 


Ey = Ip — Ep (19-19) 


Thus the work function of a metal represents the minimum amount of energy 
that must be given to the fastest-moving electron at the absolute zero of tem- 
perature in order for this electron to be able to escape from the metal. 


Thermionic Emission The curves of Fig. 19-7 show that the electrons in 
‘metal at absolute zero are distributed among energies which range in value 


Energy, eV Energy, eV 
Escaping electrons 


Fig. 19-7. (a) The potential-en- 


ergy barrier at the surface of a 2500°K 
metal. (b) The energy distribu- Es 0°K 
tion of the free electrons. Only | 

those electrons in the tail of the Distance Py 


curve, for // > J, can escape. a (b) 
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from zero to the maximum energy Hr. Since an electron must possess an 
amount of energy at least as great as #, in order to be able to escape, no elec- 
trons can leave the metal. Suppose now that the metal, in the form of a 
filament, is heated by sending a current through it. Thermal energy is then 
supplied to the electrons from the lattice of the heated metal crystal. The 
energy distribution of the'electrons changes, because of the increased tempera- 
ture, as indicated in Fig. 19-7. Some of the electrons represented by the tail 
of the curve will have energies greater than Hz and so may be able to escape 
from the metal. 

Using the analytical expression from the distribution function, it is pos- 
sible to calculate the number of electrons which strike the surface of the metal 
per second with sufficient energy to be able to surmount the surface barrier and 
hence escape. Based upon such a calculation,’? the thermionic current in 
amperes is given by 


Tn = SA,T%e~ Ew? (19-20) 


where S = area of filament, m? 
A, = a constant, whose dimensions are A/(m?) (°K?) 
T = temperature, “IK 
k = Boltzmann constant, eV/*I¢ 

Ey = work function, eV 

Equation (19-20) is called the thermionic-emission, Dushman, or Richard- 
son, equation. The work function &y is known also as the “latent heat of 
evaporation of electrons” from the metal, from the analogy of electron emission 
with the evaporation of molecules from a liquid. 

The thermionic current is a very sensitive function of temperature. For 
tungsten (Bw = 4.5 eV) it is found that a 1 percent change in J' results in a 
24 percent change in J,, at the normal operating temperature of 2400°K. This 
statement may be verified by taking the derivative of the natural logarithm 
of Eq. (19-20), so as to obtain di, Li, versus dT/T. 


Energies of Emitted Electrons Since the electrons inside a metal have a 
distribution of energies, those which escape from the metal will also have an 
energy distribution. It is easy to demonstrate this experimentally. Thus 
consider a plane emitter and a plane-parallel collector. The current is mea- 
sured as a function of the retarding voltage V, (the emitter positive with 
respect to the collector). If all the electrons left the cathode with the same 
energy, the current would remain constant until a definite voltage was reached, 
and then it would fall abruptly to zero. For example, if they all had 2-eV 
energ*’, then, when the retarding voltage was gréater than 2 V, the electrons 
could not surmount the potential barrier between cathode and anode, and no 
particles would be collected. Experimentally, no such sudden falling off of 
current is found, but instead there is an exponential decrease of current I with 
voltage according to the equation 


T= Tye" Yr (19-21) 
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where V7 is the ‘‘volt equivalent of temperature,”’ defined by 


_ ee. -e 
Ve = — = Tae (19-22) 


where & is the Boltzmann constant in joules per degree Kelvin. Note the 
distinction between & and &; the latter is the Boltzmann constant in electron 
volts per degree Kelvin. (Numerical values of & and k are given in Appendix 
A. From See. 1-3 it follows that & = 1.60 X 10-%.) 

_ Equation (19-21) may be obtained theoretically as follows: Since Ii, is 
the current for zero retarding voltage, the current obtained when the barrier 
height is increased by E, is determined from the right-hand side of Eq. (19-20) 
by changing Hy to Hw + E,. Hence 


IT = SA,T%e-Ewt EDP = Tye BAT (19-23) 
where use was made of Eq. (19-20). From Eqs. (1-7) and (19-22) 


Ey _ qv V; 
kT 160 X10-"kT Vo 


Hence Eq. (19-21) follows from Eq. (19-23). 

From Eq. (19-21) it follows that only about 1.4 percent of the electrons 
from tungsten at 2700°IX have energies in excess of leV. If the emitter is an 
oxide-coated cathode operating at 1000°K, a similar calculation shows that 
only 0.001 percent of the electrons have an energy greater than 1 eV. These 
numerical values indicate that most of the electrons from a heated filament are 
emitted with extremely small initial speeds. A statistical analysis?:? shows 
that the average energy of an escaping electron is 247, and hence, at operating 
temperatures of 2700 and 1000°K, the average energies of the emitted elec- 
trons are 0.47 and 0.17 eV, respectively. 


(19-24) 


19-5 CARRIER CONCENTRATIONS IN AN 
INTRINSIC SEMICONDUCTOR 


To calculate the conductivity of a semiconductor from Eq. (2-17) it is neces- 
sary to know the concentration of free electrons n and the concentration of 
holes p. From Eqs. (19-3) and (19-4), with Z/ in electron volts, 


dn = N(B)f(B) dB (19-25) 


where dn represents the number of conduction electrons per cubic meter whose 
energies lie between HF and # + d&. The density of states N(#) is derived 
in Sec. 19-3 on the assumption that the bottom of the conduction band is at 
zero potential. In a semiconductor the lowest energy in the conduction band 
is Bc, and hence Eq. (19-5) must be generalized as follows: 


N(E) = y(E — Be)! for > Ee (19-26) 
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Fig. 19-8 (a) Energy-band diagram for an intrinsic semiconductor. The Fermi- 
Dirac probability function f(/) is drawn at 0°K and at room temperature. (6) 
The density of states N(/2) in each band. (c) The density of carriers p() = 
N(4)f(E£) for electrons and V()(1 — f(22)] for holes at room temperature. (Not 
drawn to scale.) 


The Fermi function f(#) is given by Eq. (19-3), namely, 


1 
S(#) = Tp it (19-27) 


At room temperature kT = 0.03 eV, so that /(2) = Oif 2 — Kr > 0.03 and 
f(#) =1if FE -— Er < 0.03 (Tig. 19-3). We shall show that the Fermi level 
lies in the region of the energy gap midway between the valence and conduc- 
tion bands, as indicated in lig. 19-Sa. This diagram shows the Iermi-Dirac 
distribution of Eq. (19-27) superimposed on the energy-band diagram of a semi- 
conductor. At absolute zero (7 = 0°IX) the function is as shown in Fig. 19-Sa. 
The probability of finding an electron in the conduction band is zero [f(Z) = 0], 
and the probability of finding a hole in the valence band is zero [1 — f(z) =O]. 
At room temperature some electrons are excited to higher energies and some 
states near the bottom of the conduction band H¢ will be filled as indicated 
by the curve marked T = 300° in lig. 19-Sa. Similarly, near the top of 
the valence band Hy, the probability of occupancy is decreased from unity 
since some electrons have escaped from their covalent bond and are now in the 
conduction band. . 

The density of states [Eqs. (19-25) and (19-26)] is plotted in Fig. 19-8b. 
The density of electrons is N(Z)f(/) and is indicated in Vig. 19-8c. The con- 
centration of electrons in the conduction band is the area under this curve 
and is given by 


n= fe N(E)f(E) dE (19-28) 
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For L > Ec, E — Hy > kT and Eq. (19-27) reduces to 


f(2) = CE-Ep ir 
and 
n= [p(B — Bole e-FoMt de (19-29) 


This integral evaluates to 


n = Noe(fe- Ev let (19-30) 
where a 
b cTN\A ot i 
No =2 Car) (1.60 X 10739)3 = 2 (at) (19-31) 


In deriving this equation the value of y from Eq. (19-6) is used, & is given in 
electron volts per degree Kelvin, and & is expressed in joules per degree Kelvin. 
(The relationship between joules and electron volts is given in Sec. 1-3.) The 
mass 7 has been replaced by the symbol m,, which represents the effective mass 
of the electron. 


The Number of Holes in the Valence Band Since the top of the valence 
band (the maximum energy) is Ey, the density of states [analogous to Eq. 
(19-26)] is given by 


N(E) = y(Ey — E)* for E < Ey (19-32) 


Since a “hole” signifies an empty energy level, the Fermi function for a hole is 
1 — f(&), where f(Z) is the probability that the level is occupied by an elec- 
tron. Tor example, if the probability that a particular energy level is occupied 
by an electron is 0.2, the probability that it is empty (occupied by a hole) is 
0.8. Using Eq. (19-27) for f(E), we obtain 


e(E-Ep) [kT 


Left) = [op Ent ~ Smee hal (19-33) 


where we have made use of the fact that Ep — E>> kT for E < Ey (Fig. 19-8). 
Hence the number of holes per cubic meter in the valence band is 


ps | wh y(Ey — Byte Er Per dp (19-84) 


This integral, which represents the area under the bottom curve in Fig. 19-Se, 
evaluates to 
p= Nye (br Bike (19-33) 


where Ny is given by Eq. (19-31), with 7, replaced by m,, the effective mass 
of a hole. 


The Fermi Level jn an Intrinsic Semiconductor It is important to note 
that Eqs. (19-30) and (19-35) apply to both intrinsic and extrinsic or impure 
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semiconductors. In the case of intrinsic material the subscript ¢ will be added 
ton and p. Since the erystal must be electrically neutral, 


N= Di (19-36) 
and we have from Eqs. (19-30) and (19-35) 
Nee BoE? = Nye (EE) at 


Taking the logarithm of both sides, we obtain 


ne — Bet By — 2B 


: Ny kT 


Hence 
Ect Ey _ kT, Ne 


By = =25 eae (19-37) 


If the effective masses of a hole and a free eleetron are the same, Nc = Ny, 
and Eq. (19-37) yields 


_ Ec + Ey 


Er 9 


(19-38) 
Hence the Fermi level lies in the center of the forbidden energy band, as shown 
in Fig. 19-8. 


The Intrinsic Concentration Using Eqs. (19-30) and (19-35), we have for 
the product of electron-hole concentrations 


np = NeoN ye be Evi tht = NoNye Felt? (19-39) 


Note that this product is independent of the Fermi level, but does depend 
upon the temperature and the energy gap fg = Eo — Ey. Equation (19-39) 
is valid for either an extrinsic or intrinsic material. Hence, writing n = n; and 
Dp = Di = ni, we have the important relationship (called the mass-action law) 


np = ni (19-40) 


Note that, regardless of the donor or acceptor concentrations, or the individual 
magnitudes of n and p, the product is always a constant at a fixed temperature. 
Substituting numerical values for the physical constants in Eq. (19-31), we 
obtain 
m,\t 

Ne = 4.82 X 10?! (=) T (19-41) 
where No has the dimensions of a concentration (number per cubic meter). 
Note that Ny is given by right-hand side of Eq. (19-41) with m, replaced by 
Mp, From Eas. (19-39) to (19-41), 


i 
np = ni? = (2.33 X 10%) (™7) T3e-B alk? (19-42) 
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As indicated in Eqs. (2-19) and (2-20), the energy gap decreases linearly with 
temperature, so that 


ig = Heo — 8T (19-43) 


where Ego is the magnitude of the energy gap at 0°K. Substituting this 
relationship into Eq. (19-42) gives an expression of the following form: 


nt = AgTe-Beolk? (19-44) 


This result has been verified experimentally.4| The measured values of 2; 
and Ego are given in Table 2-1. 


19-6 FERMI LEVEL IN A SEMICONDUCTOR HAVING IMPURITIES 


From Eqs. (2-16) and (2-17) it is seen that the electrical characteristics of a 
semiconductor material depend on the concentratiou of free electrons and holes. 
The expressions for n and p are given by Eqs. (19-30) and (19-35), respectively, 
and these are valid for both intrinsic semiconductors and semiconductors with 
impurities. The only parameter in Eqs. (19-30) and (19-35) which changes 
with impurities is the Fermi level Zp. In order to see how Ep depends on tem- 
perature and impurity concentration, we recall that, in the case of no impurities 
(an intrinsic semiconductor), Hy lies in the middle of the energy gap, indi- 
cating equal concentrations of free electrons and holes. If a donor-type 
impurity is added to the erystal, then, at a given temperature and assuming 
all donor atoms are ionized, the first Np» states in the conduction band will be 
filled. Hence it will be more difficult for the electrons from the valence band 
to bridge the energy gap by thermal agitation. Consequently, the number of 
electron-hole pairs thermally generated for that temperature will be reduced. 
Since the Fermi level is a measure of the probability of occupancy of the 
allowed energy states, it is clear that 4» must move closer to the conduction 
band to indicate that many of the energy states in that band are filled by the 
donor electrons, and fewer holes exist in the valence band. ‘This situation is 
pictured in Fig. 19-9@ for an n-type material. The same kind of argument 
leads to the conclusion that #y must: move from the center of the forbidden 
gap closer to the valence band for a p-type material, as indicated in Fig. 19-9b. 
If for a given concentration of impurities the temperature of, say, the n-type 
material increases, more electron-hole pairs will be formed, and since all donor 
atoms are ionized, it is possible that the concentration of thermally generated 
electrons in the conduction band may become much larger than the concen- 
tration of donor electrons. Under these conditions the concentrations of holes 
and electrons become almost equal and the crystal becomes essentially intrinsic. 
We can conclude that as the temperature of either n-type or p-type material 
increases, the Fermi level moves toward the center of the energy gap. 
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Fig. 19-9 Positions of Fermi level in (a) n-type and (6) p-type 


semiconductors. 


A calculation of the exact position of the Fermi level in an n-type material 
can be made if we substitute » = Np from Eq. (2-12) into (19-30). We obtain 


Np = Nee Bc“ Ee tht (19-45) 
or solving for Hy, 
Ne 
Ep — Ee ~— kT \n No (19-46) 


Similarly, for p-type material, from Eqs. (2-15) and (19-35), we obtain 


. _N 
Ey = Ey + kT In N, 
Note that if Na = Nop, Eqs. (19-46) and (19-47) added together (and divided 
by 2) yield Eq. (19-37). 


(19-47) 


19-7 BAND STRUCTURE OF AN OPEN-CIRCUIT p-n JUNCTION 


We here consider that a p-n junction is formed by placing p- and n-type mate- 
vials in intimate contact on an atomic scale. Under these conditions the Fermi 
level must be constant throughout the specimen at equilibrium. If this were 
not so, electrons on one side of the junction would have an average energy 
higher than those on the other side, and there would be a transfer of electrons 
and energy until the Iermi levels in the two sides did line up. In See. 19-6 
it is verified that the Fermi level /r is closer to the conduction band edge 
Een in the n-type material and closer to the valence band edge Fy, in the p side. 
Clearly, then, the conduction band edge He, in the p material cannot be at 
the same level as Bea, nor can the valence band edge Fy, in the n side line up 
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with By, Hence the energy-band diagram for a p-n juuetion appear as shown 
in Tig. 19-10, where a shift in energy levels #, is indicated. Note that 


E, = Bop on Isp yn iy | Es (19-48) 


This energy &, represents the potential energy of the electrons at the junction, 
as is indicated in Fig. 3-le. 


The Contact Difference of Potential We now obtain an expression for 
i. From Fig. 19-10 we see that 


Ep = Ey, — he —_ iy (19-49) 
and 
Lon — Hp = gle — Ihe (19-50) 


Adding these two equations, we obtain 
Eo $1 + He = Le — (Ben — I’p) — (iy — Epp) (19-51) 
From Eqs. (19-39) and (19-40), 


Re =k? nO , (19-52) 


ju? 
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Fig. 19-10 Band diagram for a p-n junction under open-circuit condi- 
tions. This sketch corresponds to Fig. 3-le and represents potential 
energy for electrons, The width of the forbidden gap is Eg in elec- 


tron volts. 
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From Eqs. (19-30) and (2-15), 
Ne 


Eo, — Ep = kT ln N, (19-53) 
From Eqs. (19-35) and (2-15), 
Ep — Ey, = kT In My (19-54) 
A 
Substituting from Eqs. (19-52), (19-53), and (19-54) in Eq. (19-51) yields 
ok NeoNv Ne Ny 
dig = kT (in ne In NG In wi) 
‘ _ ay NoNy Np Na\ _ NoNa : 
KT I ( ae v) = kT ny (19-55) 


We emphasize that, in the above equations, the &’s are expressed in electron 
volts and k has the dimensions of electron volts per degree Kelvin. The con- 
tact difference in potential 1, is expressed in volts and is numerically equal to 
Ei. Note that 1 depends only upon the equilibrium concentrations, and not 
at all upon the charge density in the transition region. 

Other expressions for #, are obtained by substituting Eqs. (2-13), (2-14), 
and (2-15) in Eq. (19-55). We find 


Tno 


BE, = kT n2® = kT In 


no Nt po 


(19-56) 


where the subscripts o are added. to the concentrations to indicate that these 
are obtained under conditions of thermal equilibrium. 


The Einstein Relation Since the net hole current is zero for an open- 
circuited junction, then from Eq. (2-39), 


ly 
Jp = —qD, F + qupp& = 0 


or 
dp 


_ Bp _ Up s 
D, & dz D. dv (19-57) 


If this equation is integrated between limits which extend across the junction 
(ig. 8-1) from the p side, where the equilibrium hole concentration is Dyo, to 
the 2 side, where the hole density is pao, the result is 
D, ip@ apes 1.60 X 10-¥E, 
Bp Dro q 


(19-58) 


where lig. (1-7) for the conversion from V, (volts) to Z. (electron volts) has 
been used. Comparing Eqs. (19-56) and (19-58), it follows that 
D, 1.60 x 10-% &T 


= kT aes ie (19-59) 
Kp q q 
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where k(eV-°T) = &(J,°T),'(1.60 X 10-1°), and Vr is as defined in Eq. (19-22). 
Equation (19-59) is the Einstein relationship between the diffusion constant 
and mobility. 


19-8 THE TUNNEL DIODE 


When the concentration of impurity atoms in a p-n diode is very high (say, 
1 part in 10%), the depletion layer is reduced to about 100 A. Classically, a 
carrier must have an energy at least equal to the potential-barrier height in 
order to cross the junction. However, quantum mechanics indicates that 
there is a nonzero probability that a particle may penetrate through a barrier 
as thin as that indicated above. This phenomenon is called tunneling, and 
hence these high-impurity-density p-n devices are called tunnel diodes, or 
Esaki diodes.’ This same tunneling effect is responsible for radioactive emis- 
sions and high-field emission of electrons from a cold metal. 


Energy-band Structure of a Highly Doped p-n Diode The condition 
that the barrier be less than 100 A thick is a necessary but not a sufficient 
condition for tunneling. It is also required that occupied energy states exist 
on the side from which the electron tunnels and that allowed empty states 
exist on the other side (into which the electron penetrates) at the same energy 
level. Hence we must now consider the energy-band picture when the impur- 
ity concentration is very high. In Fig. 19-10, drawn for the lightly doped 
p-n diode, the Fermi level Ep lies inside the forbidden energy gap. We shall 
now demonstrate that, for a diode which is doped heavily enough to make 
tunneling possible, Hy lies outside the forbidden band. 

From Eq. (19-53), 

Ep = Ee —kT ln ae 
For a lightly doped semiconductor, Np < Ne, so that In (Nc¢/Np) is a positive 
number. Hence Hr < Hc, and the Fermi level lies inside the forbidden band, 
as indicated in Fig. 19-10. Since Nc = 10'® cm~, then, for donor concentra- 
tions in excess of this amount (Vp > 101° cm73, corresponding to a doping in 
excess of 1 part in 10%), In (Nc/Np) is negative. Hence Hr > Eo, and the 
Fermi level in the n-type material lies in the conduction band. By similar 
reasoning we conclude that, for a heavily doped p region, N4 > Ny, and the 
Fermi level lies in the valence band [Eq. (19-54)]. A comparison of Eqs. 
(19-52) and (19-55) indicates that E, > Hg, so that the contact difference of 
potential energy Z, now exceeds the forbidden-energy-gap voltage Ec. Hence, 
under open-circuit conditions, the band structure of a heavily doped p-n junc- 
tion must be as pictured in Fig. 19-l1la. The Fermi level Hr in the p side is at 
the same energy as the Fermi level Hr in the n side. Note that there are no 
filled states on one side of the junction which are at the same energy as empty 
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Fig. 19-11 Energy bands in a heavily doped p-n diode (a) under open-circuited con- 
ditions and (b) with an applied reverse bias. (These diagrams are strictly valid 
only at 0°K, but are closely approximated at room temperature, as can be seen from 
Fig. 19-3.) 


allowed states on the otherside. Hence there can be no flow of charge in either 
direction across the junction, and the current is zero, an obviously correct 
conclusion for an open-circuited diode. 


The Volt-Ampere Characteristic With the aid of the energy-band picture 
of Fig. 19-12 and the concept of quantum-mechanical tunneling, the tunnel- 
diode characteristic of Fig. 19-18 may be explained. Jet us consider that the 
py material is grounded and that a voltage applied across the diode shifts the 
n side potential with respect to the p side. Jor example, if a reverse-bias volt- 
age is applied, we know from Sec. 3-2 that the height of the barrier is increased 
above the open-circuit value H,. Jence the n-side levels must shift down- 
ward with respect to the p-side levels, as indicated in Vig. 19-110. We now 
observe that there are some energ:” states (the heavily shaded region) in the 
valence band of the p side which lie at the same level as allowed empty states 
in the conduction band of the x side. Hence these electrons will tunnel from 
the p to the n side, giving rise to a reverse diode current. As the magnitude 
of the reverse bias increases, the heavily shaded area grows in size, causing the 
reverse current to increase, as shown by section 1 of Tig. 19-13. 
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Consider now that a forward bias is applied to the diode so that the 
potential barrier is decreased below 2. Henee the »-side levels must shift 
upward with respect to those on the p side, and the energy-band picture for 
this situation is indicated in Fig. 19-12a. It is now evident that there are 
occupied states in the conduction band of the » material (the heavily shaded 
levels) which are at the same energy as allowed empty states (holes) in the 
valence band of the p side. Hence electrons will tunnel from the x to the p 
material, giving rise to the forward current of section 2 of Fig. 19-13. 

As the forward base is inereased further, the condition shown in Fig. 
19-126 isreached. Now the maximum number of electrons can leave oceupied 
states on the right side of the junction, and tunnel through the barrier to 
empty states on the left side, giving rise to the peak current Zp in Vig. 19-13. 
If still more forward bias is applied, the situation in Fig. 19-12e is obtained, 


a] 
3 


Conduction 


band Barrier 
height 
Ey EB, 
Tunneling Er 
. 

Applied 
~Holes riot forward 
Valence EB i 

G 
band 
Ey 
(a) (8) 


(c) (d) 
Fig. 19-12 The energy-band diagrams in a heavily doped p-n diode for a forward 


bias. As the bias is increased, the band structure changes progressively from (a) 
to (d). 
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Fig. 19-13 (a) The tunneling current is shown solid. The injection current is the 
dashed curve. The sum of these two gives the tunnel-diode volt-ampere character- 
istic, which is shown in (b). 


and the tunneling current decreases, giving rise to section 3 of Fig. 19-13. 
Tinally, at an even larger forward bias, the band structure of Fig. 19-12d is 
valid. Since now there are no empty adlowed states on one side of the junction 
at the same energy as occupied states on the other side, the tunneling current. 
must drop to zero. 

In addition to the quantum-mechanical current described above, the 
regular p-» junction injection current is also being collected. This current is 
given by Eq. (3-7) and is indicated by the dashed section 4 of Fig. 19-13. 
The curve in Fig. 19-136 is the sum of the solid and dashed curves of lig. 
19-13a, and this resultant is the tunnel-diode characteristic of Fig. 19-13b. 


19-9 BASIC SEMICONDUCTOR EQUATIONS 


The relationship which expresses the fact that, within any elemental volume 
in a semiconductor, charge can neither be created nor destroyed is derived 
in See. 2-10 and is given by Eq. (2-49). .This daw of the conservation of charge, 
or the equation of continuity, apples separately to electron and to hole coneen- 
trations. Thus 


6p Po-p 124s5 


at Tp q Ox (19-60) 
On NM — 2 1 Oda 
aT q ox (19-61) 


ll 


where p(7) = hole (electron) concentration 
Po(te) = thermal-equilibrium value of p(n) 
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J (Jn) = hole (electron) current density 
tp(tn) = hole (electron) mean lifetime 
q = magnitude of electronic charge 
and for reference, in the following equations, 
Lp(un) = hole (electron) mobility 
D,(Da) = hole (electron) diffusion constant. 
Na(Np) = acceptor (donor) concentration 
& = electric field intensity 
€ = permittivity of the semiconductor 
If both drift and diffusion currents are to be taken into account, Eqs. (2-39) 
and (2-40) must be added to give 


a 
Jy = gps — Dy 5 (19-62) 
J, = qnpn& + gDn oe (19-63) 


The electric field intensity & is related to the charge density p by Poisson’s 
equation 


=4(p+Np-—2— Na) (19-64) 


where the net positive carrier concentration isp + Np — n — Na, assuming 
that all impurity atoms are ionized. Note that in any region where there is 
charge neutrality, p = 0. In the transition region of a p-n diode we do not 
have charge neutrality (Sec. 3-1). 

Equations (19-60) through (19-64) are five relations for the five unknowns 
p, n, & Jp, and Jy. It has been assumed that a one-dimensional problem is 
under consideration. These equations are valid in three dimensions if deriva- 
tives in y and z are included corresponding to the derivative inz. The general 
solution to these nonlinear partial differential equations is quite complicated, 
and we shall be content. with analyses of several important one-dimensional 
special cases. 

For an n-type specimen we add the subscript» top, p.,and J,. Substitut- 
ing Eq. (19-62) into Eq. (19-60) yields , 


OPn Pro — Pn - 8(pr8) Dn 
bSt*ésp Me aq + Do aa 


(19-65) 


An analogous equation for minority carriers (electrons) in » p-type semicon- 
ductor is obtained by interchanging p and n» and changing the sign of the 
term with ua. We now consider three special cases of the continuity equation. 


‘ Concentration Independent of x and with Zero Electric Field Since 
& = O and dp/dx = 0, Eq. (19-65) reduces to 
apn _ Pno — Pa 


= = (19-66) 
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Fig. 19-14 Relating to the injected hole 


. he . 
concentration p, in n-type material, 


This is identical with Eq. @-32), and this situation is discussed in Sec. 2-8 and 
Fig. 2-13. 


Concentration Independent of ¢ and with Zero Electric Field Since 
& = O and dp.'at = 0, Eq. (19-65) reduces to 


Pn _ Pn — Duo 

aa i (19-67) 
where L, = W/D,r, = the diffusion length for holes. Equation (19-67) is 
identical with Eq. (2-43) and is discussed in Sec. 2-11. Consider a very long 
semiconductor bar with one end at = 0, where p/,(0) holes are injected (above 
the thermal-equilibrium value). The variation of injected concentration with 
distance is pictured in Figs. 2-16 and 19-14, and is given by Eq. (2-47), namely, 


P(t) = pale) — Pro = py (O)e*!r (19-68) 


The diffusion length is the distance at which the injected carrier concentration 
drops to 1/e of its value at x = 0. We wish to demonstrate that Lp may also 
be interpreted as the average distance which an injected hole travels before 
recombining with an electron. This statement may be verified as follows: 
From Eq. (19-68) 


a —r/L, 
Di ot ae 


Dp 


dp!) (19-69) 
|dp;,| gives the number of injected holes which recombine in the distance 
between « and « + dx. Since each hole has traveled a distance 2, the total 
distance traveled by |dp;! holes is x |dp;|. Hence the total distance covered by 
all the holes is ie z{dp;|. The average distance = equals this total distance 
divided by the total number p’,(0) of injected holes. Hence 


fy tleml 4 


eae (ee 


I, * etn dy = np (19-70) 
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thus confirming that the mean distance of travel of a hole before recombination 
is hy. 


Concentration Varies Sinusoidally with £ and with Zero Electric Field 
Let us retain the restriction § = 0 but assume that the injected concentration 
varies sinusoidally with un angular frequency w. Then, in phasor notation, 


p,(2, bt) =p, (ae (19-71) 


where the space dependence of the injected concentration is given by p;,(z). 
If Eq. (19-71) is substituted into the continuity equation (19-65), the result is 


i = ee ri 
Py (r) + D, dp, (x) 


- , 
Jjopy (e) = de 
or 
Cp, l+jury , 
eR gel ee 19-72 
dae r,? Pn (19-72) 


where use has been made of Eq. (2-44). At zero frequency the equation for p;, 
is given by Eq. (19-67). A comparison of Eq. (19-67) with Eq. (19-72) shows 
that the ac solution at frequency w # 0 can be obtained from the de solution 
(w = 0) by replacing Ly by Lp(1 + jwr,)—’. For example, from Eq. (2-47), we 
conclude that for a long semiconductor sample 


Pal, L) = Kerr iory tel Lye it (19-73) 


19-10 THE p-n DIODE VOLT-AMPERE EQUATION 


Consider a p-n junction biased by an external voltage V’ in the forward direetion 
as in Fig. 19-15. Under low-level injection conditions the minority diffusion 
current. crossing the junction at « = 0 is, from Eq. (2-48), 
dpn _ AqD,p;,(0) 

dz Ly 


In (0) AqD>» (19-74) 


The injected carrier concentration p;,(0) at the junction depends upon the 
applied voltage 1. We now find this relationship. 


Fig. 19-15 A forward-biased diode. The 
right-hand edge of the transition region is 
defined as x = 0. 
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The Law of the Junction Across the junction the electric field is high, 
and hence so is the drift current. Also, the diffusion current is large because 
of the high-concentration gradient at the junction. In Eq. (19-62), namely 

dp 
Jn = qPuré — Dp 7 
the magnitude of each term on the right-hand side is large compared with the 
low-level injection current J,. If two large numbers are subtracted and we 
obtain a small difference, these two quantities are almost equal. Hence we 
may write approximately 


gp = gD, -—— (19-75) 


Using the Einstein relationship, Eq. (19-75) becomes 


Vrdp_ dV 
eer a Pe (19-76) 
At the left-hand side of the p material the hole concentration equals the 
thermal-equilibrium value pp. At the right-hand edge of the depletion region 
in Fig. 19-15 (in the » side) the hole concentration is p,(0). The junction 
voltage V; is the barrier potential V, decreased by the forward voltage V. 
Integrating Eq. (19-76) across the junction gives 


px(0) dp widV Ve-ivdV 
- Pp ie) Ver - - Vy (19-77) 


Carrying out the integration yields 
Pn(O) = Pye Ve Vr (19-78) 


From Eq. (2-59) with p: = ppo, D2 = Pao, and V2; = V, 


Pro = Ppoe Val Vr (19-79) 
Dividing Eq. (19-78) by Eq. (19-79) yields 
Pn(O) = ‘PaoeV V7 (19-80) 


This boundary condition is called the law of the junction. It indicates that 
for a forward bias (V > 0) and with V > Vr (~26 mV at room temperature) 
the hole concentration p,(0) at the junction in the n side is greatly increased 
over the thermal-equilibrium value p,.. The argument given above is also 
valid for a reverse bias, and Eq. (19-S0) indicates that for negative V with 
|V| >> Vr, the concentration p,(0) is essentially zero. 


The Current Components rom Eq. (19-74), with p,(0) = pn(0) — pno 


Fy, (0) = Aare me (e¥IVr — 1) (19-81) 
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The electron current J,,(0) crossing the junction into the 7: side is obtained 
from Eq. (19-81) by interchanging » and p, or 


Inp(0) = 22D ato (erie — 1) (19-82) 


Finally, from Eq. (3-6), the total diode current J is the sum of Z,,(0) and 
Tnp(0), or 


ee a (19-83) 
where 
_ AgDyPno , AgDnnyo 
sas eae aa = (19-84) 


If W, and W, are the widths of the p and » materials, respectively, the above 
derivation has implicity assumed that W,>>L, and W,>>L,. If, as some- 
times happens in a practical (short) diode, the widths are much smaller than the 
diffusion lengths, the expression for J, remains valid provided that L, and L, 
are replaced by W, and Wz, respectively. 


The Reverse Saturation Current Jor a reverse bias whose magnitude 
is large compared with Vr, J» —I,. Hence I, is called the reverse saturation 
current. Combining Eqs. (2-14), (2-15), and (19-84), we obtain 


ef! D, D, , 
I, ver Aq (ar + ar) Ne (19-85) 

where 7,” is as given by Eq. (19-44), 
ne = ApT% Folk? = A, T%e—V aol¥2 (19-86) 


where V@o is a voltage which is numerically equal to the forbidden-gap energy 
Eco in electron volts, and Vy is the volt equivalent of temperature [Eq. (19-22)]. 
For germanium the diffusion constants D, and D, vary approximately? 
inversely proportional to T. Hence the temperature dependence of J, is 


I, = KyT%-Yaol¥r (19-87) 


where Ky is a constant independent of temperature. 

Throughout this section we have neglected carrier generation and recombi- 
nation in the space-charge region. Such an assumption is valid for a ger- 
manium diode, but not for a silicon device. For the latter, the diffusion cur- 
rent is negligible compared with the transition-layer charge-generation®’ cur- 
rent, which is given approximately by 


T= [,(e¥!n¥r — 1) (19-88) 


where » = 2 for small: (rated) currents and » ~ 1 for large currents. Also, I, 
is now found to be proportional to m; instead of n2. Hence, if K, is a constant, 


L, = KeP)5—-Vaol?¥r (19-89) 
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19-11 THE TEMPERATURE DEPENDENCE OF p-n CHARACTERISTICS 


Let us inquire into the diode voltage variation with temperature at fixed 
current. This variation may be calculated from Hq. (19-S8), where the tem- 
perature is contained implicitly in Wy aud also in the reverse saturation cur- 
rent. The dependence of J, on temperature T is, from Eqs. (19-87) and 
(19-89), given approximately by 


I, = KRT%-Vaolw (19-90) 


where K is a constant and qVe@o (q is the magnitude of the electronic charge) 
is the forbidden-gap energy in joules: 


For Ge: »=1 m= 2 Veo = 0.785 V 
ForSi: 7 =2 m= 15 Veo = 1 
Taking the derivative of the logarithin of Eq. (19-90), we find 
1diI, _dQnJ.) _m Voo 


7,4? aT ~T*GPVs (19-91) 


At room temperature, we deduce from Eq. (19-91) that d(In J,),/dT = 0.08°C-! 
for Si and 0.11°C™ for Ge. The performance of commercial diodes is only 
approximately consistent with these results. In Sec. 3-5 it is pointed out that 
a reasonable rule of thumb is that, for either silicon or germanium, the reverse 
saturation current approximately doubles for every 10°C rise in temperature. 

From Eq. (19-88), dropping the unity in comparison with the exponential, 
we find, for constant J, 


BU Vl. (} mn) VS Weve 


qr 7 ce oe T (19-22) 


where use has been made of Eq. (19-91). Consider a diode operating at room 
temperature (300°IX) and just beyond the threshold voltage V, (say, at 0.2 V 
for Ge and 0.6 for Si). Then we find, from Eq. (19-92), 


dV _ | —2.1 mvV/°C for Ge 


dP ~ | —23mv/°C for Si (19-93) 


Since these data are based on “average characteristies,” it might be well for 
conservative design to assume a value of 


adv 


op = 725 mV/°C (19-94) 


for cither Ge or Si at room temperature. Note from Eq. (19-92) that |dV/dT| 
decreases with increasing T. 

The temperature dependence of forward voltage is given in Eq. (19-92) as 
the difference between two terms. The positive term V,'7' on the right-hand 


side results from the temperature dependence of Vr. The negative term 
results from the temperature dependence of J., and does not depend on the 
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voltage V across the diode. The equation predicts that for increasing FY, 
dV/dT should become less negative, reach zero at Vo= Veo + onyl’y, and 
thereafter reverse sign and go positive. This behavior is regularly exhibited 
by diodes. Normally, however, the reversal takes place at a current whicli 
is higher than the maximum rated current. The curves of Jig. 3-S ulso suggest 
this behavior. At high voltages the horizontal scparution between curves 
of different temperatures is smaller than at low voltages. 


19-12 THE DYNAMIC DIFFUSION CAPACITANCE 


In Sec. 3-9 it is pointed out that if the excitation to a diode is sinusoidal, the 
diffusion capacitance Cp may be found from the reactive component of the 
current. We now proceed to find Cp. 

Assume for the sake of simplicity that the p side is doped much more 
heavily than the 2 region, so that we need only calculate the hole current. 
Consider that the external voltage is 


V= Vit Vel! (19-95) 


where Vi represents a bias voltage, and the second term is the sinusoidal 
voltage of peak value Va. If the diode has a dynamie conductance y and 
capacitance Cp, then the current must be of the form 


=+ gV me™*! =p joC pV nei (19-96) 


We now solve the equation of continuity to tnd J = T7,,, and then we shall be 
able to identify g and Cp. 

The excess hole concentration in the » re consists of a de term which, 
from Eqs. (2-47) and (19-80), is 


Di(2) = [paO) ~ Daler = pole er — Der*lte 
and to which must be added the ac term of Iq. (19-73), so that 
p, (x) = Dno(er lr = Le! b> as Ker tier ir] L, iat (19-97) 


To evaluate K, set « = 0 and also use the law of the junction with 1” given by 
Eq. (19-95). Then Eq. (19-97) becomes 


p,(0) — Pit Pno(ehl¥r = 1) + Kei 


Dnoe HV ndOlr — yy, 


v 


a Von on 
Prot! wr ( + Vs o) = Pro (19-98) 


where we have assumed that Via/Vr 1, so that & = 1 4 y for 


Van 
ae GF "es <1 
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From this equation, we find 
Vin vy. 
K-= Pro en? (19-99) 
r 


The diffusion current crossing the junction, 


jz =0 


dp, 
Iyn(0) = ~ aab, (%P*) 


is obtained from Eq. (19-74). Using the value of K in Eq. (19-99), we have 


VilVr 7 4 
T(0) i a (eile 1) + AgD Pro V me (1 + jwrp) eft 
Pp 


Vr Lp 
(19-100) 
We consider two special cases, very low and very high frequencies: 
1. If wr, « 1, then since (1 + y)? = 1 + 4y, 
Tpn(0) = Iq + 29D oP ne Vn vive (4 4 7 OTP) eat (19-101) 
Lp, Ver 2 


where es (AgDypno) Lp) (e"!”r — 1) = the bias current. Comparing Eq. 
(19-101) with Eq. (19-96), we have 


VilVr 
g= AGP Poot = go = low-frequency conductance (19-102) 
pT 
and ‘ 
Co = (19-103) 


2. If wr, > 1, then 


wry\t ; 
(1 + jors)! = (jury)! = (wrp)idrlt = (3) a+) 


and from Eq. (19-100), 


4 
Ton(0) = Ti + G (3) (L+ 7) Vine (19-104) 
Comparing this equation with Eq. (19-96) yields 
9 = Go (ey (19-105) 
and 
eal) (19-106) 
D = Yo De . = 


Note that both the diffusion capacitance and the conductance are now functions 
of frequency. 
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19-13 THE CURRENTS IN A TRANSISTOR 


This analysis follows in many respects that given in Sec. 19-10 for the current 
components in a junction diode. From Eq. (8-6) we see that the net current 
crossing a junction equals the sum of the electron current J,, in the p side 
and the hole current Jp, in the » side, evaluated at the junction (x = 0). For 
a p-n-p transistor (Fig. 5-la) electrons are injected from the base region across 
the emitter junction in a p-region which is large compared with the diffusion 
length. This is precisely the condition that exists in a junction diode, and 
hence the expression for Zn, calculated previously is also valid for the transis- 
tor. From Eq. (19-82) we find that at the junction, 


Iy,(0) = (eV#l¥r — 1) (19-107) 


AgqDnnzo 
Le 
where in Eq. (19-82) we have replaced V by Vz; we have changed n,, to nzo 
because there are now two p- regions and the emitter (#) is under consideration; 
we have changed L, to Lz in order to refer to the diffusion length of the minority 

carriers in the emitter. A summary of the new symbols used follows: 
nro (nc) = thermal-equilibrium electron concentration in the p-type mate- 
rial of the emitter (collector), m—~? 
Lz (Lc) (Ls) = diffusion length for minority carriers in the emitter (collector) 
(base), m 
Ve (Vc) = voltage drop across emitter (collector) junction; positive for a 
forward bias, i.e., for the p side positive with respect to the 2 
side 


The Hole Current in the n-type Base Region The value of J,, is not 
that found in Sec. 19-10 for a diode because, in the transistor, the hole current 
exists in a base region of small width, whereas in a diode, the » region extends 
_ over a distance large compared with Z,. The hole concentration is given by 

Eq. (2-46): 


Pa — Pno = Kye2!tn + Kyettlho (19-108) 


where K, and K» are constants to be determined by the boundary conditions. 
The situation at each junction is exactly as for the diode junction, and the 
boundary condition is that given by Eq. (19-80), or 


0 
Ww 


Dnoe ar at x 
Prog’ Yr at x 


Il 


Dn = (19-109) 


Il 


The exact solution is not difficult to find (Prob. 19-32), Usually, however, 
the base width W is small compared with Lz, and we can simplify the solution 
by introducing this inequality. Since 0 <a < W, we shall assume that 
a/Lz «1, and then the exponentials in Eq. (19-108) can be expanded into a 
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power series. If only the first two terms are retained, this equation has the 
form 


Pn — Pro = Kg + Ket (19-110) 


where Ky; and K, are new (and, as yet, undetermined) constants. To this 
approximation, p, is a linear function of distance in the base. Then, from 
Eqs. (2-36) and (19-110), 


lon = —AgqD,K, = constant (19-111) 


This result—that the minority-carrier current is a constant throughout the 
base region—is readily understood because we have assumed that W < Lp. 
Under these circumstances, little recombination can take place within the 
base, and hence the hole current entering the base at the emitter junction 
leaves the base at the collector junction unattenuated. Substituting the 
boundar; conditions (19-109) in (19-110), we easily solve for Ky, and then find 


AgDgPno 
Ww 


Ip(0) = — [(ePel¥z — 1) — (e¥el¥r — 1)] (19-112) 


The Ebers-Moll Equations [rom Vig. 5-4 we have for the emitter current 
Tp = Inn + Ing = Ipn(0) + Inp(0) (19-113) 
Using Eqs. (19-107), (19-112), and (19-118), we find 


Ty = ayy(eVel¥r — 1) + aye(e"el¥r — 1) (19-114) 

where 
DsrPno _, Dateo AgD Duo e 
ay = Ag ( 7 + ene) ay = — ae aa (19-115) 


In a similar manner we can obtain 
Tq = dai (eVa!¥r — 1) + aoe (eVel¥r — 1) (19-116) 
where we can show (Prob. 19-31) that 


D no dD noe nm oO 
Qo, = — Aah do. = Aa( a + Petes) (19-117) 


We note that a2 = ax. This result may be shown® to be valid for a 
transistor possessing any geometry. Equations (19-114) and (19-116) are valid 
for any positive or negative value of Vz or Vc, and they are known as the 
Hbers-Moil equations, relating the transistor currents to the junction voltages. 

From the Ebers-Moll Eqs. (5-24) and (5-25) expressions for Jz and I¢ in 
terms of Vg, Vc, and the parameters aw, ay, Ico, and Izo may be obtained. If 
these equations are put in the form of Eqs. (19-114) and (19-116) and ay is 
equated to au, the result is avI zo = ayl eo. 
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19-14 THE TRANSISTOR ALPHA 
If Vz is eliminated from Eqs. (19-114) and (19-116), the result is 
Te 22 15+ (as Paitit) (rater — 1) (19-118) 
au au 


This equation has the same form as Eq. (5-6). Hence we have, by comparison, 


ao ; 
2 -119 
& ai (19 ) 
Ico = Gast — Gas (19-120) 
a11 : 


Using Eqs. (19-115) and (19-117), we obtain 


1 
1+ DansoW  "LeDypno 


a (19-121) 
Making use of Eq. (2-8) for the conductivity, Eq. (19-59) for the diffusion 
constant, and Eq. (2-10) for the concentration, Eq. (19-121) reduces to 


1 
a 1+ Wor/Leor 


a 


(19-122) 


where on (cz) is the conductivity of the base (emitter). We see that, in order 
to keep @ close to unity, o,’on should be large and W. ‘Le should be kept small. 

The analysis of the preceding section is based upon the assumption that 
W/Le «1. If this restriction is removed, the solution given in Prob. 19-31 
is obtained. We then find (Prob. 19-33) that a = B*y, where 


1 
Y=" TED. Lane. Dplepn) tanh (W, Ln) 


(19-123) 
and 


Vv 
Bt = seeh - (19-124) 


If W < Ln, the hyperbolic secant and the hyperbolic tangent can be expanded 
in powers of W ‘Lx, and the first approximations are (Prob. 19-34) 


zs 1 _ | _ Wor 
C7 eae iaee oo Lee (19-125) 
L(Wr? 
® py fy Sete Se a 
caaaee (7) (19-126) 


and 


7\ 2 
a = pty =1— 3(r) Lite (19-127) 


Lp Leoeg 
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19-15 ANALYSIS OF TRANSISTOR CUTOFF AND 
SATURATION REGIONS 


The currents and voltages in a transistor may be found from the Ebers- 
Moll equations of Sec. 5-12, which are repeated here for convenient reference. 


Io = —anls — Leo(eVel¥r — i) (19-128) 

Tg = -arle — Igo(e"#l¥r — 1) (19-129) 

arleo = onl zo (19-130) 

Vi= Vo ln (1 _ ae) (19-131) 
EO 

Ve = Vets (: = eae) (1£-132) 
co 


The Cutoff Region If we define cutoff as we did in Sec. 5-7 to mean zero 
emitter current and reverse saturation current in the collector, what emitter- 
junction voltage is required for cutoff? Equation (19-131) with Zz = 0 and 
I¢ = Igo becomes 


Ve = Vol (1 = a2) = Vr ln (1 — ay) (19-133) 


where use was made of Eq. (19-130). At 25°C, Vr = 26 mV, and for 
av = 0.99, Ve = —120 mV. Near cutoff we may expect that ay may be 
smaller than the nominal value of 0.98. With an = 0.9 for germanium, we find 
that Vz = —60 mV. For silicon near cutoff, aw ~ 0, and from Eq. (19-133), 
Vz ~ Vrlnl=0V. The voltage Vz is the drop from the 7 to the n side 
of the emitter junction. To find the voltage which must be applied between 
base and emitter terminals, we must in principle take account of the drop 
across the base-spreading resistance 7s in Tig. 5-20. If m5 = 100 @ and 
Ico = 2 wA, then Icorp = 0.2 mV, which is negligible. Since the emitter 
current is zero, the potential Vx is called the floating emitter potential. 

The foregoing analysis indicates that a reverse bias of approximately 
0.1 V (© V) will cut off a germanium (silicon) transistor. It is interesting to 
determine what currents will flow if a larger reverse input voltage is applied. 
Assuming that both Vz and V¢ are negative and much larger than Vy, so that 
the exponentials may be neglected in comparison with unity, Eqs. (19-128) and 
(19-129) become 


Te = —anly; + Teo Iz = —arle + I zo (19-134) 


Solving these equations and using Eq. (19-130), we obtain 


= Ico(1 — az) i Izo(1 — ay) 


1 — ayer 1 — ayer 


(19-135) 
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Since (for Ge) an ~ 1,72¢ = Ico and Ie ~ 0. Using ay = 0.9 and ar = 0.5, 
then I¢ = I ¢o(0.50,'0.55) =. 0.91lce and Iz = Izo0(0.10,/0.55) = 0.18lz0 and 
represents a very small reverse current. Using er ~ 0 and ay ~ 0 (for Si), 
we have that I¢ = Ico and Tz ~ Ize. Hence, increasing the magnitude of the 
reverse base-to-emitter bias beyond cutoff has very little effect (Fig. 5-16) on 
the very small transistor currents. 


Short-circuited Base Suppose that, instead of reverse-biasing the emitter 
junction, we.simply short the base to the emitter terminal. The currents 
which now flow are found by setting Vz = O and by neglecting ¢Ye/"r in the 
Ebers-Moll equations. The results are 


Leo 


1 — Qanar 


Io = logs and Ip = —arlcrs (19-136) 


where Icgs represents the collector current in the common-emitter configura- 
tion with a short-circuited base. If (for Ge) ew = 0.9 and ear = 0.5, then 
Tors is about 1.8l¢9 and Jy = —0.91lco. If (for Si) ay ~ Oand a; ~ 0, then 
Tees = Ieg and Ig ~ 0. Hence, even with a short-circuited emitter junction, 
the transistor is virtually at cutoff (Pig. 5-16). 


Open-circuited Base If instead of a‘shorted base we allow the base to 
“float,” so that Iz = 0, the cutoff condition is not reached. The collector 
current under this condition is called Z¢zo, and is given by 


(19-137) 


It is interesting to find the emitter-junction voltage under this condition of a 
floating base. T'rom Eq. (19-131), with Jz = —J¢, and using Eqs. (19-130) 
and (19-137), 


ar(1 — ay) 


Ve = Veln E GF ant = a] (19-138) 


For av = 0.9 and ay = 0.5 (for Ge), we find Vg = +60 mV. For ay = 
10ar ~ 0 (for Si), we have Ve ~ Vr In 11 = +64 mV. Hence an open-cir- 
cuited base represents a slight forward bias (lig 5-16). 


The Cutin Voltage We may estimate the cutin voltage Vy in a typical 
case in the following manner: Assume that we are using a transistor as a switch, 
so that when the switch is on it will carry a current of 20 mA. We may then 

onsider that the cutin point has been reached when, say, the collector current 
equals 1 percent of the maximum current or a collector current [¢ = 0.2 mA. 
Hence V, is the value of Vz given in Eq. (19-131), with 


Tz = —(Ue+ In) = —I¢ = —0.2 mA 
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Assume a germanium transistor with ey = 0.5 and Izo = 1pA. Since at room 
temperature Vr = 0.026 V, we obtain from Eq. (19-131) 


0.2 X 10-8(1 — 0.5) 
1+ io 


V., = (0.026) (2.30) log | = 0.12 V 


The Saturation Region Let us consider the 2N404 p-n-p germanium 
transistor operated with Ig = —20 mA, Ig = —0.35, and Ig = +20.35 mA. 
Assume the following reasonable values: Ico = —2,.0 nA, Izo = —1.0 HA, and 
ay = 0.99. From Eq. (19-130), ar = 0.50. Irom Eqs. (19-131) and (19-132), 
we calculate that, at room temperature, 


_ 20.35 — (0.50) (20) 
=1053 


Ve = (0.026) (2.30) iog | | 0.24 V 


and 
—20 + 0.99(20.35) 
— (2)(10-%) 


Vo = (0.026) (2.30) log 1 = | =011V 


For a p-n-p transistor, 


Vos = Ve — Ve = 0.11 — 0.24 = —0.13 V 
Taking the voltage drop across ry (~100 %) into account (Fig. 5-20), 


Vee = Ve — Iatw = 0.11 + 0.035 = 0.15 V 
and 
Vax = Iprw — Ve = —0.085 — 0.24 =~ ~0,298V 


Note that the base-spreading resistanee does not enter into the ealeu- 
lation of the collector-to-emitter voltage. Tor a diffused-junction transistor 
the voltage drop resulting from the collector-spreading resistance may be 
significant for saturation currents. If so, this ohmic drop can no longer be 
neglected, as we have done above. Vor example, if the collector resistance is 
5 9, then with a collector current of 20 mA, the ohmic drop is 0.10 V, and 
|Vcz| increases from 0.13 to 0.23 V. 

The values of Ico and I xo for silicon transistors are so very small that they 
are difficult to determine since they are masked by surface leakage currents. 
Hence no precise calculation of Vy, Vorysat ANd Vezcat Can be made. Experi- 
mentally determined values for silicon are given in Table 5-1, page 142. 
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REVIEW QUESTIONS 


19-1 (a) Draw the potential-energy picture of a metal. (6) Explain qualita- 
tively the existence of the potential barrier at the surface. 

19-2) Explain what is meant by a distribution function. Use as an example the 
distribution in age of people in the United States. 

19-3 (a) Plot the Permt-Dirac probability function f(U2) versus energy FE at 0°K 
and, say, 2500°K. (b) What are the meanings of these plots? 

19-4 (a) Plot the energy distribution function pz in a metal at 0 and 2500°K. 
(b) Indicate the Fermi level #r on your sketch and give its physical meaning. 

19-5 The energy distribution function is given by the product of two factors. 
What is the interpretation to be givei to each of these factors? 

19-6 Define work function. 

19-7. Indicate graphically which electrons in the energy distribution curve can 
escape from a metal at (a) 0°K and (6) 2500°K. 

19-8 Give the equation which indicates that there is a distribution in energy of 
the electrons that escape from a metal. Explain the meaning of the equation. 

19-9 (a) Define the volt equivalent! of temperature. (b) What is its magnitude at 
room temperature? 

19-10 How does the density of states N(E) vary with E for (a) electrons in a 
metal, (6) electrons in a semiconductor, and (¢) holes in a semicouduetor? 
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19-11 Sketch curves of (a) # versus f(£), (b) E versus N(Z), and (c) FE versus 
p(E) for electrons and holes in a semiconductor. 

19-12 Sketch the energy-band picture for (a) an intrinsic, (6) an n-type, and 
(c) a p-type semiconductor. Indicate the positions of the Fermi, the donor, and the 
acceptor levels. 

19-13 Sketch the energy-band picture for a p-n junction under open-circuit 
conditions. Indicate the Fermi level Er and the contact difference of potential E,. 

19-14 State the mass-aciton law. Explain its meaning. 

19-15 State Kinstein’s equation involving the diffusion constant. 

19-16 Sketch the energy-band picture for a heavily doped p-n diode (a) under 
open-circuited conditions and (6) with an applied reverse bias. 

19-17 Sketch the energy-band picture for a heavily doped p-n diode for (a) a 
small forward bias, (6) the forward bias which results in the peak tunneling current, and 
(c) the forward bias beyond which the tunneling current is zero. 

19-18 For an Esaki diode, sketch (a) the tunneling current, (b) the injection 
current, and (c) the total current. : 

19-19 Write the equatton of continuity for holes. Explain the physical meaning 
of each term in the equation. 

19-20 Write the equation for the hole current density. Explain the physical 
meaning of each term. ; 

19-21 What are the five equations from which to determine p, n, & Jp, and Jn? 

19-22 (a) State the law of the junction. (b) Derive this equation by assuming 
that the diffusion current approximately equals the drift current for a forward-biased 
diode as well as for an open-circuited diode. 

19-23 (a) From the expression for pa(x), evaluate Tpn(0) as a function of p/(0). 
(6) Using the law of the junction, evaluate Z,(0) as a function of applied voltage V. 
(c) Find the equation for the reverse saturation current J. 

19-24 (a) Write the Ebers-Moll equation for I¢ versus Veand Ve. (b) What 
is the corresponding equation for inverse operation? 

19-25 From the equations in Rey. 19-24, obtain the junction voltages in terms 
of the junetion currents. 

19-26 (a) Define cutoff. (b) Obtain an expression for the emitter-junction volt- 
age at cutoff. 

19-27 Obtain expressions for Z¢ and Ix if large reverse-biasing voltages appear 
across the junctions. 

19-28 Obtain expressions for J¢ and Ig for a short-circuited base. 

19-29 Obtain expressions for 7c and Vz for an open-circuited base. 


PROBABLE VALUES OF GENERAL 
PHYSICAL CONSTANTS’ 


Constant Symbol 
BleetrOiic Changer... ee ac etencecs eben se te ued g 
dclettrOnve MNWSE. ce ecde ccs. GE tt bes Se Gree e panes m 
Ratio of charge to mass of an electron............ g/m 
Mass of atom of unit atomic weight (hypothetical) | ...... 
NigSb OT PEOVON y 5 ommp gerne mune. | Ae se = PEE My 
Ratio of proton to electron mass................. m,/m 
Planck’s CONSUME: c.6- 4 bonis wae Sheen ee he ak h 
Boltzmann constant............-..000.-e eee eee k 

k 

Stefan-Boltzmann constant..........- reetter er o 
Avogadto’s TUMDbED....4 ee ste se eemeses heme oe Na 
SPO BODBIA oa g by caprey es Oe ee med R 
Veloety ofligitwasat< am wis. g oo serie n Gite mle € 
Faraday’s constant......... 2.2.02. c eee ee F 
Volume per mole, .......... 0.0220 eee eee eee Ve 
Acceleration of gravity..... 0.0.00. cee eee eens g 
Permeability of free space.......... 00-0 e eee eee eel Mo 
Permittivity of free space.....  ....-.-. 0 seus €o 


Value 


1.602 X 1078 C 

9.109 X 10-7! kg 

1.789 X 10! C/kg 

1.660 X 10727 kg 

1.673 X 107-27 ke 

1.837 108 

6.626 x 10-8 J-s 

1.381 X 10723 J/°K 

8.620 K 1075 eV/°K 

5.670 x 10-8 W/(m?2) (°K*) 
6.023 X 1023 molecules/mole 
8.314 J/(deg) (mole) 

2.998 X 108 m/s 

9.649 X 103 C/mole 

2.241 & 1072 m3 

9.807 m/s? 

1.257 X 10-§ H/m 

8.849 X 10712 F/m 


+E. A. Mechtly, '‘The International System of Units: Physical Constants and Con- 
version Factors,’’ National Aeronautics and Space Administration, NASA SP-7012, Wash- 


ington, D.C., 1964. 
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1 ampere (A) 


1 angstrom unit (A) 


1 atmosphere pressure 


1 coulomb (C) 


1 electron volt (eV) 


1 farad (F) 

1 foot (ft) 

1 gram-calorie 
giga (G) 

1 henry (H) 

1 hertz (Hz) 
linch (in.) 

1 joule (J) 


kilo (k) 

1 kilogram (kg) 
1 kilometer (km) 
1 lumen 
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CONVERSION FACTORS 
AND PREFIXES 


Hou de tl 


It wt bode ed 


I 


od 


1 C/s 

10719 m 

10-4 um 

760 mm Hg 
1 A-s 

1.60 K 10-19 J 
1C/V 
0.305 m 
4.185 J 

x 109 

1 V-s/A 

1 eycle/s 
2.54 em 

107 ergs 

1 W-s 

6.25 X 10% eV 
1 N-m 
1C-V 

x 103 

2.205 lb 
0.622 mile 
0.0016 W 
(at 0.55 um) 


1 lumen per square foot 


mega (M) 

1 meter (m) 
micro (x) 

1 micron 


1 mil 
1 mile 


milli (m) 

nano (n) 

1 newton (N) 

pico (p) 

1 pound (lb) 

1 tesla (T) 

1 ton 

1 volt (V) 

1 watt (W) 

1 weber (Wb) 

1 weber per square 
meter (Wb/m?) 


1 ft-eandle (fc) 
Xx 105 
39.37 in. 
x 10-¢ 
10°-§m 

1 Bm 
Lo ae. 
25 um 
5,280 ft 
1.609 km 
Xx 10-8 
x 1078 

1 kg-m/s? 
x 10-12 
453.6 g 

1 Wb/m? 
2,000 Ib 
1W/A 
1J/s 

1 V-s 


104 gauss 
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CHAPTER 1 


1-1 


1-4 


(a) The distance between the plates of a plane-parallel capacitor is lem. An 
electron starts at rest at the negative plate. If a direct voltage of 1,000 V 
is applied, how long will it take the electron to reach the positive plate? 

(0) What is the magnitude of the force which is exerted on the electron at the 
beginning and at the end of its path? 

(c) What is its final velocity? 

(d) If a 60-Hz sinusoidal voltage of peak value 1,000 V is applied, how long will 
the time of transit be? Assume that the clectron is released with zero velocity 
at the instant of time when the applied voltage is passing through zero. Hunt: 
Expand the sine function into a power series. Thus sin @ = @ — 63,3! -+ 
Ce, 

The plates of a parallel-plate capacitor are dm apart. At ¢ = 0 an electron is 
released at the bottom plate with a velocity 2, (meters per second) normal to the 
plates. The potential of the top plate with respect to the bottom is —V, sin wt. 
(a) Find the position of the electron at any time é. 

(b) Find the value of the electric field intensity at the instant when the velocity 
of the electron is zero. 

An electron is released with zero initial velocity from the lower of a pair of hori- 
zontal plates which are 3 cm apart. The accelerating potential between these 
plates increases from zero linearly with time at the rate of 10 V/us. When 
the electron is 2.8 em from the bottom plate, a reverse voltage of 50 V replaces 
the linearly rising voltage. 

(a) What is the instantaneous potential between the plates at the time of the 
potential reversal? 

(b) With which electrode does the electron collide? 

(c) What is the time of flight? 

(d) What is the impact velocity of the electron? 

A 100-eV hydrogen ion is released in the center of the plates, as shown in the 
figure. The voltage between the plates varies linearly from 0 to 50 V in 1077s 
and then drops immediately to zero and remaius at zero. The separation 
between the plates is 2cm. If the ion enters the region between the plates at 
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time t = 0, how far will it be displaced from the X axis upon emergence from 
between the plates? ; 


ae aa 


vo — 2cm 


1-5 


i-3 


rade Prob. 1-4 


|+——5em——-| 


Electrons are projected into the region of constant electric field intensity of 
magnitude 5 X 10° V/m that exists vertically. The electron-emitting device 
makes an angle of 30° with the horizontal. It ejects the electrons with an 
energy of 100 eV. 


I 3cm -O H 
90° 


Prob. 1-5 


30° 


1-6 


1-7 


(a) How long does it take an electron leaving the emitting device to pass through 
a hole / at a horizontal distance of 3 em from the position of the emitting device? 
Refer to the figure. Assume that the field is downward. 

(5) What must be the distance d in order that the particles emerge through the 
hole? 

(c) Repeat parts a and 6 for the case where the field is upward. 

(a) An electron is emitted from an electrode with a negligible initial velocity and 
is accelerated by a potential of 1,000 V. Calculate the final velocity of the 
particle. 

(6) Repeat the problem for the case of a deuterium ion (heavy hydrogen ion— 
atomic weight 2.01) that has been introduced into the electric field with an initial 
velocity of 105 m/s. 

An electron having an initial kinetic energy of 10-15 J at the surface of one of 
two parallel-plane electrodes and moving normal to the surface is slowed down 
by the retarding field caused by a 400-V potential applied between the electrodes. 
(a) Will the electron reach the second electrode? 

(6) What retarding potential would be required for the electron to reach the 
second electrode with zero velocity? 

In a certain plane-parallel diode the potential V is given as a function of the 
distance 2 between electrodes by the equation 


V = kat 


where & is a constant. 
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(a) Find an expression for the time it will take an electron that leaves the elec- 
trode with the lower potential with zero initial velocity to reach the electrode 
with the higher potential, a distance d away. 

(b) Find an expression for the velocity of this electron. 

The essential features of the displaying tube of an oscilloscope are shown in 
the accompanying figure. The voltage difference between K and A is V, and 
between P; and P:is Vy. Neither electric field affects the other one. The elec- 
trons are emitted from the electrode K with initial zero velocity, and they pass 
through a hole in the middle of electrode A. Because of the field between P, and 
P, thev change direction while they pass through these plates and, after that, 
move with constant velocity toward the screen 8S. The distance between plates 
is d. 


Prob. 1-9 


as 


(a) Find the velocity vz of the electrons as a function of V, as they cross A. 

(b) Find the ¥-component of velocity v, of the electrons as they come out of 
the field of plates P; and Pz as a function of Vp, la, d, and v.. 

(c) Find the distance from the middle of the screen (d,), when the electrons 
reach the screen, as a function of tube distances and applied voltages. 

(d) For V, = 1.0 kV, and V, = 10 V, lu = 1.27 em, d = 0.475 em, and |, = 
19.4 em, find the numerical values of v,, vy, and d,. 

(e) If we want to have a deflection of d, = 10 cm of the electron beam, what 
must be the value of V.? 

A diode cousists of a plane emitter and a plane-parallel anode separated by a dis~ 
tance of 0.5 cm. The anode is maintained at a potential of 10 V negative with 
respect to the cathode. 

(a) If an electron leaves the emitter with a speed of 10° m/s, and is directed 
toward the anode, at what distance from the cathode will it intersect the poten- 
tial-energy barrier? 

(b) With what speed must the electron leave the emitter in order to be able to 
reach the anode? 

A particle when displaced from its equilibrium position is subject to a linear 
restoring force f = —kx, where 2 is the displacement measured from the equi- 
librium position, Show by the energy method that the particle will execute 
periodic vibrations with a maximum displacement which is proportional to the 
square root of the total energy of the particle. 
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A particle of mass m is projected vertically upward in the earth’s gravitational 
field with a speed v. 

(a) Show by the energy method that this particle will reverse its direction at the 
height of »,?/2g, where g is the acceleration of gravity. 

(0) Show that the point of reversal corresponds to a “collision” with the poten- 
tial-energy barrier. 

(a) Prove Eq. (1-18). 

(0) For the hydrogen atom show that the possible radii in meters are given by 


_ Ween? 


amg? 


where 7 is any integer but not zero. For the ground state (n = 1) show that 
the radius is 0.53 A. 

Show that the time for one revolution of the electron in the hydrogen atom in 
a circular path about the nucleus is 


= mig? 
4V2 (1) 


where the symbols are as defined in Sec. 1-4. 


For the hydrogen atom show that the reciprocal of the wavelength (called the 
wave number) of the spectral lines is given, in waves per meter, by 


where n,; and mp» are integers, with m greater than m, and R = mqt/8e,2hic = 
1.10 X 107 m7 is called the Rydberg constant. 

If nz = 1, this formula gives a series of lines in the ultraviolet, called the 
Lyman series. If np = 2, the formula gives a series of lines in the visible, called 
the Balmer series. Similarly, the series for np = 3 is called the Paschen series. 
These predicted lines are observed in the hydrogen spectrum. 

Show that Eq. (1-14) is equivalent to Eq. (1-11). 


(a) A photon of wavelength 1,026 A is absorbed by hydrogen, and two other 
photons are emitted. If one of these is the 1,216 A line, what is the wavelength 
of the second photon? 

(o) If the result of bombardment of the hydrogen was the presence of the 
fluorescent lines 18,751 and 1,026 Ay what wavelength must have been present 
in the bombarding radiation? 


The seven lowest energy levels of sodium vapor are 0, 2.10, 3.19, 3.60, 3.75, 4.10, 
and 4.26 eV. A photon of wavelength 3,300 A is aysanbed by an atom of the 
vapor. 

(a) What are all the possible fluorescent lines that may appear? 

(6) If three photons are emitted and one of the-e is the 11,380-A line, what are 
the wavelengths of the other two photons? 

(c) Between what energy states do the transitions take place in order to produce 
these lines? 
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1-19 


1-20 


1-23 


]-24 


1-25 


(a) With what speed must an electron be traveling in a sodium-vapor lamp in 
order to excite the yellow line whose wavelength is 5,893 A? 

(b) What should be the frequency of a photon in order to excite the same yellow 
line? 

(c) What would happen if the frequency of the photon was 530 or 490 THz 
(I = Tera = 10")? 

(d) What should be the minimum frequency of the photon in order to ionize 


‘an unexcited atom of sodium vapor? 


(e) What should be the minimum speed of an electron in order to ionize an 
unexcited atom of sodium vapor? Tonization of sodium vapor: 5.12 eV. 


An x-ray tube is essentially a high-voltage diode. The electrons from the hot 
filament are accelerated by the plate supply voltage so that they fall upon the 
anode with considerable energy. They are thus able to effect transitions among 
the tightly bound electrons of the atoms in the solid of which the target (the 
anode) is constructed. 

(a) What is the minimum voltage that must be applied across the tube in order 
to produce x-rays having a wavelength of 0.5 A? 

(b) What is the minimum wavelength in the spectrum of an x-ray tube across 
which is maintained 60 kV? 


Argon resonance radiation corresponding to an energy of 11.6 eV falls upon 
sodium vapor. If a photon ionizes an unexcited sodium atom, with what speed 
is the electron ejected? The ionization potential of sodium is 5.12 eV. 


A radio transmitter radiates 1,000 W at a frequency of 10 MHz. 

(a) What is the energy of each radiated quantum in electron volts? 

(6) How many quanta are emitted per second? 

(c) How many quanta are emitted in each period of oscillation of the electro- 
magnetic field? 

(d) If each quantum acts as a particle, what is its momentum? 


What is the wavelength of (a) a mass of 1 kg moving with a speed of 1 m,s, 
(b) an electron which has been accelerated from rest through a potential differ- 
ence of 10 V? 


Classical physies is valid as long as the physical dimensions of the system are 
much larger than the De Broglie wavelength. Determine whether the particle 
is classical in each of the following cases: 

(a) An electron accelerated through a potential of 300 V in a device whose dimen- 
sions are of the order of 1 cm. 

(b) An electron in the electron beam of a cathode-ray tube (anode-cathode 
voltage = 25 kV). 

(c) The electron in a hydrogen atom. 

A photon of wavelength 1,216 A excites a hydrogen atom which is at rest. 
Calculate 

(a) The photon momentum imparted to the atom. 

(b) The energy corresponding to this momentum and imparted to the hydrogen 
atom. 

(c) The ratio of the energy found in part b to the energy of the photon. Hunt: 
Use conservation of momentum. 
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2-1 Prove that the concentration n of free electrons per cubic meter of a metal is 


2-2 


2-4 


2-5 


2-6 


2-7 


2-8 


2-9 


2-10 


2-11 


given by 


dp A.dy X 103 
AM A 


where d = density, kg ‘m? 
v = valence, free electrons per atom 

A = atomic weight 

‘Af = weight of atom of unit atomic weight, kg (Appendix A) 

A, = Avogadro’s number, molecules/mole 
The specific density of tungsten is 18.8 g’cm3, and its atomic weight is 184.0. 
Assume that there are two free electrons peratom. Calculate the concentration 
of free electrons. 
(2) Compute the conductivity of copper for which p = 34.8 cm?/V-s and 
d = 8.9 g/cm’. Use the result of Prob. 2-1. 
(6) If an electric field is applied across such a copper bar with an intensity of 
10 V/cm, find the average velocity of the free electrons. 
Compute the mobility of the free electrons in aluminum for which the density 
is 2.70 g,'cm* and the resistivity is 3.44  10-§ Q-em. Assume that aluminum 
has three valence electrons per atom. Use the result of Prob. 2-1. 
The resistance of No. 18 copper wire (diameter = 1.08 mm) is 6.51 Q per 1,000 ft. 
The concentration of free electrons in copper is 8.4 < 108 clectrons/m*. If 
the current is 2 A, find the (a) drift velocity, (8) mobility, (c) conductivity. 
(a) Determine the concentration of free electrons and holes in a sample of 
germanium at 300°K which has a concentration of donor atoms equal to2 x 10" 
atoms/cm and a concentration of acceptor atoms equal to 3 X 10" atoms/cm’, 
Is this p- or n-type germanium? In other words, is the conductivity due pri- 
marily to holes or to electrons? 
(b) Repeat part a for equal donor and acceptor concentrations of 1015 atoms/cm}, 
Is this p- or n-type germanium? 
(c) Repeat part @ for donor concentration of 10!* atoms/em and acceptor con- 
centration 10!4 atoms/cm3, 
a) Find the concentration of holes and of electrons in p-type germanium at 
300°K if the conductivity is 100 (Q-em)—. 
b) Repeat part a for n-type silicon if the conductivity is 0.1 (Q-em)7". 
(a) Show that the resistivity of intrinsic germanium at 300°K is 45 Q-cm. 
b) If a donor-type impurity is added to the extent of 1 atom per 108 germanium 
atoms, prove that the resistivity drops to 3.7 Q-cm. 
(a) Find the resistivity of intrinsic silicon at 300°K. 
b) If a donor-type impurity is added to the extent of 1 atom per 108 silicon 
atoms, find the resistivity. 
Consider intrinsic germanium at room temperature (300°K). By what percent 
does the conductivity increase per degree rise in temperature? 
Repeat Prob. 2-10 for intrinsic silicon. 
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2-17 


2-18 


Repeat Prob. 2-6a for a temperature of 400°K, and show that: the sample is 
essentially intrinsic. 

A sample of germanium is doped to the extent of 10'4 donor atoms’em’ and 
7 X 10'3 acceptor atoms/cm’. At the temperature of the sample the resistivity 
of pure (intrinsic) germanium is 60 92-cm. If the applied electric field is 2 V’em, 
find the total conduction current density. 

(a) Find the magnitude of the Hall voltage Vw in an n-type germanium bar 
used in Fig. 2-10, having majority-carrier concentration Ny = 10!7’cm*. 
Assume B, = 0.1 Wb/m?, d = 3 mm, and & = 5 V/em. 

(b) What happens to Vu if an identical p-type germanium bar having V4 = 
107/cm? is used in part a? 

The Hall effect is used to determine the mobility of holes in a p-type silicon bar 
used in Fig. 2-10. Assume the bar resistivity is 200,000 2-cm, the magnetic 
field B, = 0.1 Wb/m?, and d= w=3 mm. The measured values of the cur- 
rent and Hall voltage are 10 pA and 50 mV, respectively. Find yp. 

A eertain photosurface has a spectral sensitivity of 6 mA/W of incident radia- 
tion of wavelength 2,537 A. How many electrons will be emitted photoelec- 
trically by a pulse of radiation consisting of 10,000 photons of this wavelength? 
(a) Consider the situation depicted in Fig. 2-13 with the light turned on. Show 
that the equation of conservation of charge is 


—+ =: 


dp | Pp 
dt or 


P 

- 

where the time axis in Fig. 2-13 is shifted to ¢’. 

(b) Verify that the concentration is given by the equation 
p=Bp+ (po — pe" 

The hole concentration in a semiconductor specimen is shown. 


(a) Find an expression for and sketch the hole current density 7,(x) for the case 
in which there is no externally applied electric field. 


p (0) 


Prob, 2-18 


(b) Find an expression for and sketch the built-in electric field that must exist 
if there is to be no net hole current associated with the distribution shown. 

(c) Find the value of the potential between the points « = 0 and x = WI" if 
p(0)/p. = 10°. 
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Given a 20 Q-em n-type germanium bar with material lifetime of 100 MS, Cross 
section of 1 mm?, and length of 1 em. One side of the bar is illuminated with 
10!5 photons’s. Assume that each incident photon generates one electron-hole 
pair and that these are distributed uniformly throughout the bar. Find the 
bar resistauce under continuous light excitation at room temperature. 

(a) Consider an open-cireuited graded semiconductor as in Fig. 2-17a. Verify 
the Boltzmann equation for electrons [Eq. (2-61)]. 

(0) For the step-graded semiconductor of Fig. 2-178 verify the expression for the 
contact potential V, given in Eq. (2-63), starting with J, = 0. 

(a) Consider the step-graded germanium semiconductor of Fig. 2-17b with 
No = 10°N4 and with N4 corresponding to 1 acceptor atom per 108 germanium 
atoms. Calculate the contact difference of potential V, at room temperature. 
(0) Repeat part @ for a silicon p-n junction. i 


CHAPTER 3 


3-1 


3-2 


3-4 


3-5 


(a) The resistivitics of the two sides of a step-graded germanium diode are 2 Q-em 
(p side) and 1 Q-cm (n side). Calculate the height E, of the potential-energy 
barrier. 

(0) Repeat part a for a silicon p-n junction. 

a) Sketch logarithmic and linear plots of carrier concentration ‘7s. distance for 
an abrupt silicon junction if A> = 1015 atoms/em3 and N4 = 1015 atoms/cm’, 
Give numerical values for ordinates. Label the 2, p, and depletion regions. 
6) Sketch the space-charge electric field and potential as a function of distance 
for this case (Fig. 3-1). 

Repeat Prob. 3-2 for an abrupt germanium junction. 


(a) Consider a p-n diode operating under low-level injection so that Pa K Mn. 
Assuming that the minority current is due entirely to diffusion, verify that the 
electric field in the x side is given by 


I+ (D,/Dy — 1)Ipn(z) 
qnpnA 


&(@) = 


(0) Using this value of &, find the next approximation to the drift hole current 
and show that it may indeed be neglected compared with the diffusion hole 
current. 

(c) Sketch the following currents as a function of distance in the n side: (i) total 
diode current; (ij) minority-carrier current; (iii) majority diffusion current; 
(iv) majority drift current; (v) total majority-carrier current. 

Starting with Eq. (3-5) for Ip, and the corresponding expression for Inn, prove 
that the ratio of hole to electron current crossing a p-n junction is given by 


Tyn(0) _ opln 
I,2(0) Onlip 


where o,(¢,) = conductivity of p(n) side. Note that this ratio depeuds upon 
the ratio of the conductivities. For example, if the p side is much more heavily 
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3-13 


doped than the n side, the hole current will be much larger than the electron 
current crossing the junction. 


(a) Prove that the reverse saturation current in a p-n diode is given by 


D D 
iP A Pp n 2 
. (St * 2) 2 


(6) Starting with the expression for 7, found in part a, verify that the reverse 
saturation current is given by 


° a 
2 mes bo; 4 1 
(1+ 8)? \Lyo, = Lao 


where on(¢p) = conductivity of n(p) side 

o; = conductivity of intrinsic material 

B= pn/ Hp 
(a) Using the result of Prob. 3-6, find the reverse saturation current for a 
germanium p-n junction diode at room temperature, 300°K. The cross-sectional 
area is 4.0 mm.?, and 


op = 1.0 (Q-em)= o, = 0.1 (Q-em)~! L, = Ly, = 0.15 em 


Other physical constants are given in Table 2-1. 

(b) Repeat part a@ for a silicon p-n junction diode. Assume Ly, = Ly = 0.01 cm 
and gn = op = 0.01 (Q-em)™. 

Find the ratio of the reverse saturation current in germanium to that in silicon, 
using the result of Prob. 3-6. Assume L, = L, = 0.1 em and on = op = 1.0 
(Q-em)7! for germanium, whereas the corresponding values are 0.01 em and 
0.01 (Q-cem)~ for silicon. See also Table 2-1. 

(a) For what voltage will the reverse current in a p-n junction germanium diode 
reach 90 percent of its saturation value at room temperature? 

(b) What is the ratio of the current for a forward bias of 0.05 V to the current 
for the same magnitude of reverse bias? 

(c) If the reverse saturation current is 10 wA, calculate the forward currents for 
voltages of 0.1, 0.2, and 0.3 V, respectively. 

(a) Evaluate 7 in Eq. (3-9) from the slope of the plot in Fig. 3-8 for 7 = 25°C. 
Draw the best-fit line over the current range 0.01 to 10 mA. 

(b) Repeat for 7 = —55 and 150°C. 

(a) Calculate the anticipated factor by which the reverse saturation current 
of a germanium diode is multiplied when the temperature is increased from 
25 to 80°C. 

(6) Repeat part a for a silicon diode over the range 25 to 150°C. 

It is predicted that, for germanium, the reverse saturation current should 
increase by 0.11°C~!. It is found experimentally in a particular diode that at a 
reverse voltage of 10 V, the reverse current is 5 wA and the temperature depend- 
ence is only 0.07°C—'. What is the leakage resistance shunting the diode? 

A diode is mounted on a chassis in such a manner that, for each degree of tem- 
perature rise above ambient, 0.1 mW is thermally transferred from the diode 
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to its surroundings. (The “thermal resistance” of the mechanical contact 
between the diode and its surroundings is 0.1 mW/°C.) The ambient tempera- 
ture is 25°C. The diode temperature is not to be allowed to increase by more 
than 10°C above ambient. If the reverse saturation current is 5.0 wA at 25°C 
and increases at the rate 0.07°C~!, what is the maximum reverse-bias voltage 
which may be maintained across the diode? 

A silicon diode operates at a forward voltage of 0.4 V. Calculate the factor by 
which the current will be multiplied when the temperature is increased from 
25 to 150°C. Compare the result with the plot of Fig. 3-8. 

An ideal germanium p-n junction diode has at a temperature of 125°C a reverse 
saturation current of 30 uA. Ata temperature of 125°C find the dynamic resis- 
tance for a 0.2 V bias in (a) the forward direction, (b) the reverse direction. 
Prove that for an alloy p-n junction (with N4< Np), the width IV of the deple- 
tion layer is given by 


ir = (Gea 
oD 
where V; is the junction potential under the condition of an applied diode voltage 
Va. 


(a) Prove that for an alloy silicon p=n junction (with Na < Np»), the depletion- 
layer capacitance in picofarads per square centimeter is given by 


wy 
Cr = 2.9 x 107 A) 


7 


(b) If the resistivity of the p material is 3.5 Q-cm, the barrier height V, is 
0.85 V, the applied reverse voltage is 5 V, and the cross-sectional area is circular 
of 40 mils diameter, find Cr. 

(a) For the junction of Fig. 3-10, find the expression for the & and V as a func- 
tion of z in the n-type side for the case where Ny and Np are of comparable 
magnitude. Hunr: Shift the origin of z so that x = 0 at the junction. 

(6) Show that the total barrier voltage is given by Eq. (3-21) multiplied by 
Na/(Na + Np) and with Wo = W,+ W,. 

(c) Prove that Cr = [gNaNve/2(Nia -- No) }V-H. 

(d) Prove that Cr = eA/(I’, + W,). 

Reverse-biased diodes are frequently employed as electrically controllable vari- 
able capacitors. The transition capacitance of an abrupt junction diode is 
20 pF at5 V. Compute the decrease in capacitance for a 1.0-V increase in bias. 
Calculate the barrier capacitance of a germanium p-n junction whose area is 
1mm by 1 mm and whose space-charge thickness is 2 X 10-4em. The dielectric 
constant of germanium (relative to free space) is 16. 

The zero-voltage barrier height at an alloy-germanium p-n junction is 0.2 V. 
The concentration N 4 of acceptor atoms in the p side is much smaller than the 
concentration of donor atoms in the n material, and N4 = 3 X 102° atoms/m3, 
Calculate the width of the depletion layer for an applied reverse voltage of 
(a) 10 V and (8) 0.1 V and (c) for a forward bias of 0.1 V. (d) If the cross- 
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sectional area of the diode is 1 mm?, evaluate the space-charge capacitance 
corresponding to the values of applied voltage in (a) and (8). 


(a) Consider a grown junction for which the uncovered charge density p varies 
linearly with distance. If p = az, prove that the barrier voltage V; is given by 


(b) Verify that the barrier capacitance Cr is given by Eq. (3-23) 

Given a forward-biased silicon diode with J = 1 mA. If the diffusion capaci- 
tance is Cp = 1 wF, what is the diffusion length L,? Assume that the doping of 
the p side is much greater than that of the n side. 

The derivation of Eq. (3-28) for the diffusion capacitance assumes that the p 
side is much more heavily doped than the a side, so that the current at the junc- 
tion is entirely due to holes. Derive an expression for the total diffusion capaci- 
tance when this approximation is not made. 


(a) Prove that the maximum electric field &, at a step-graded junction with 
Na > Np is given by 


7 


Em 
W 


(6) It is found that Zener breakdown occurs when &,, = 2 x 107 V/m = &. 
Prove that Zener voltage V, is given by 


_ &? 
: 2qN D 


Note that the Zener breakdown voltage can be controlled by controlling the 
concentration of donor ions. 
(a) Zener breakdown occurs in germanium at a field intensity of 2 X 107 V/m. 
Prove that the breakdown voltage is Vz = 51/c,, where op is the conductivity 
of the p material in (Q-cem)~'.. Assume that Na < Np. 
(0) If the p material is essentially intrinsic, calculate Vz. 
(c) For a doping of 1 part in 10* of p-type material, the resistivity drops to 
3.7 Q-cm. Calculate Vz. 
(d) For what resistivity of the p-type material will Vz = 1 V? 
(a) Two p-n germanium diodes are connected in series opposing. A 5-V battery 
is impressed upon this series arrangement. ind the voltage across each junction 
at room temperature. Assume that the magnitude of the Zener voltage is 
greater than 5 V. 

Note that the result is independent of the reverse saturation current. Is it 
also independent of temperature? 

int: Assume that reverse saturation current flows in the circuit, and then 
justify this assumption. 
(0) If the magnitude of the Zener voltage is 4.9 V, what will be the current in 
the circuit? The reverse saturation current is 5 uA. 
The Zener diode can be used to prevent overloading of sensitive meter move- 
ments without affecting meter linearity. The circuit shown represents a de 
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voltmeter which reads 20 V full scale. The meter resistance is 560 Q, and 
Ri + Ry = 99.5 K. If the diode is a 16-V Zener, find Ry and Ry so that, when 
V; > 20 V, the Zener diode conducts and the overload current is shunted away 
from the meter. 


VY Prob, 3-28 


3-29 A series combination of a 15-V avalanche diode and a forward-biased silicon 
diode is to be used to construct a zero-temperature-coefficient voltage reference. 
The temperature coefficient of the silicon diode is —1.7 mV/°C. Express in 
percent per degree centigrade the required temperature coefficient of the Zener 
diode. 

3-30 The saturation currents of the two diodes are 1 and 2 vA. The breakdown 
voltages of the diodes are the same and are equal to 100 V. 
(a) Calculate the current and voltage for each diode if V = 90 Vand T = 110V. 
(0) Repeat part a if each diode is shunted by a 10-M resistor. 


J =" 


Prob, 3-30 Prob, 3-31 


3-31 (a) The avalanche diode regulates at 50 V over a range of diode currents from 
5 to 40 mA. The supply voltage V = 200 V. Calculate 2 to allow voltage 
regulation from a load current I, = 0 up to Itaxy the maximum possible value 
of fy. What is Imax? 

(b) If & is set as in part @ and the load current is set at I, = 25 mA, what are 
the limits between which V may vary without loss of regulation in the circuit? 

3:32 (a) Consider a tunnel diode with Np = 27, and with the impurity concentration 
corresponding to 1 atom per 10° germanium atoms. Atroom temperature caleu- 
late (i) the height of the potential-energy barrier under open-circuit conditions 
(the contact potential energy), (ii) the width of the space-charge region. 

(b) Repeat part a if the semiconductor is silicon instead of germanium. 

3-33 The photocurrent J in a p-n junction photodiode as a function of the distance x 

of the light spot from the junction is given in Fig. 3-22. Prove that the slopes 
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of In J versus z are —1,L, and —1,'L,, respectively, on the n and p sides. Note 
that L», represents the diffusion length for holes in the 2 material. 

(a) For the type LS 223 photovoltaic cell whose characteristies are given in 
Fig. 3-238, plot the power output vs. the load resistance Ry. 

(6) What is the optimum value of kz? 
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(a) In the cireuit of Prob. 3-27, the Zener breakdown voltage is 2.0 Y. The 
reverse saturation current is 5 wA. If the silicon diode resistance could be 
neglected, what would be the current? 
(0) If the ohmie resistanee is 100 @, what is the current? 

Norte: Answer part 6 by plotting Iq. (3-9) aud drawing a load line. Verify 
your answer analytically by a method of successive approximations. 
A p-n germanium junction diode at room temperature has a reverse satura- 
tion current of LO vA, negligible ohmic resistance, aud a Zener breakdown voltage 
of 100 V. A 1-K resistor is in series with this diode, and a 30-V battery is 
impressed across this combination. Find the current (a) if the diode is forward- 
biased, (6) if the battery is inserted into the circuit with the reverse polarity. 
(c) Repent parts a and 0 if the Zener breakdown voltage is 10 V. 
Each diode is described by a linearized volt-ampere characteristic, with incre- 
mental resistance r and offset voltage Vy. Diode D1 is germanium with V, = 


AN 
R 


Prob. 4-3 100V-5- DI D2 


0.2 Vand r = 20 2, whereas D2 is silicon with V, = 0.6 Vandr = 159. Find 
the diode currents if (a2) R = 10 K, ®) R=1K. 


The photodiode whose characteristics are given in Fig. 3-21 is in series with a 
30-V supply and a resistance A. If the illumination is 3,000 fe, find the current 
for (a) R = 0, (0) R = 50 K, (c) R = 100 K. 

(a) For the application in See. 4-3, plot the voltage across the diode for one 
eyele of the input voltage v; Let V,, = 2.4 V, Vy = 0.6 V, R; = 10 Q, and 
Rr, = 1002. 

(6) By direct integration find the average value of the diode voltage and the load 
voltage. Note that these two answers are nunicrically equal and explain why. 
Calculate the break region over which the dynamic resistance of a diode is multi- 
plied by a factor of 1,000. 

For the diode clipping cireuit of Fig. 4-9@ assume that Ve = 10 V, 2; = 20 sin of, 
and that the diode forward resistance is Ry = 100 Q2 while R, = © and Ty =0. 
Neglect all capacitances. Draw to seale the input and output waveforms and 
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label the maximum and minimum values if (a4) R = 100 Q, (6) R = 1 K, and (c) 
R=10 K. 

4-8 Repeat Prob. 4-7 for the case where the reverse resistance is R, = 10 K. 

4-9 In the diode clipping circuit of Fig. 4-9a and d, v; = 20 sin wi, R = 1 K, and 
Vr =10V. The reference voltage is obtained from a tap on a 10-K divider 
connected to a 100-V source. Neglect all capacitances. The diode forward 
resistance is 502, R, = ©,and VY, = 0. In both cases draw the input aud out- 
put waveforms to scale. Which circuit is the better clipper? Hint: Apply 
Thévenin’s theorem to the reference-voltage divider network. 

4-10 Asymmetrical 5-kHz square wave whose output varies between +10 and —10 V 
is impressed upon the clipping circuit shown. Assume Ry, = 0, R, = 2M, and 


ee 


% % Prob. 4-10 


V, = 0. Sketch the steady-state output waveform, indicating numerical values 
of the maximum, minimum, and constant portions, 

4-11 For the clipping circuits shown in Fig. 4-9b and d derive the transfer character- 
istic v, versus v;, taking into account R, and V, and considering R, = ©. 

4-12 The clipping circuit shown employs temperature compensation. The de voltage 
source V, represents the diode offset voltage; otherwise the diodes are assumed 
to be ideal with Ry = 0 and R, = ~. 


Prob, 4-12 


= 


(a) Sketch the transfer curve v, versus 2. 
(0) Show that the maximum value of the input voltage v; so that the current in 
D2 is always in the forward direction is 


Vi,max = Vat as 


RP’ (Ve — Vy) 
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(c) What is the temperature dependence of the point on the input waveform at 
which clipping occurs? ; 

(a) In the clipping circuit shown, D2 compensates for temperature variations. 
Assume that the diodes have infinite back resistance, a forward resistance of 50 2, 
and a break point at the origin (Vy = 0). Calculate and plot the transfer char- 
acteristic vp against v;. Show that the circuit has an extended break point, that 
is, two break points close together. 


Di 
oa “ D2 i; + 
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(b) Find the transfer characteristic that would result if D2 were removed and the 
resistor R were moved to replace D2. 

(c) Show that the double break of part @ would vanish and only the single break 
of part b would appear if the diode forward resistances were made vanishingly 
small in comparison with R. 

(a) In the peak clipping circuit shown, add another diode D2 and a resistor R’ 
in a manner that will compensate for drift with temperature. 

(b) Show that the break point of the transmission curve occurs at Vr. Assume 
R,>> R> R,;. 

(c) Show that if D2 is always to remain in conduction it is necessary that 


0; <Vimax = Ve + z (Ve — Vy) 


(a) The input voltage »; to the two-level clipper shown in part a of the figure 
varies linearly from 0 to 150 V. Sketch the output voltage v, to the sane time 
scale as the input voltage. Assume ideal diodes. 

(b) Repeat (a) for the cireuit shown in part 6 of the figure. 
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4-16 The circuit of Fig. 4-10a is used to “square” a 10-kHz input sine wave whose 
peak value is 50 V. It is desired that the output voltage waveform be flat for 
90 percent of the time. Diodes are used having a forward resistance of 100 @ 
and a backward resistance of 100 K. 
(a) Find the values of Va, and Vaz. 
(b) What is a reasonable value to use for R? 

4-17 (a) The diodes are ideal. Write the transfer characteristic equations (vy, as a 
function of »;). 
(6) Plot v, against v,, indicating all intercepts, slopes, and voltage levels. 
(c) Sketch v, if v; = 40 sin wi. Indicate all voltage levels. 


NAG 
+f pr 10K 10K ih f 


4-18 (a) Repeat Prob. 4-17 for the circuit shown. 
(b) Repeat for the case where the diodes have an offset voltage V, = 1 V. 


4 1K Di D2 if 
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4-19 Assume that the diodes are ideal. Make a plot of », against »; for the range of 
2; from 0 to 50 V. Indicate all slopes and voltage levels. Indicate, for each 
region, which diodes are conducting. 


5K % Prob, 4-19 


4-20 The triangular waveform shown is to be converted into a sine wave by using 
clipping diodes. Consider the dashed waveform sketched as a first approxima- 
tion to the sinusoid. The dashed waveform is coincident with the sinusoid at 0°, 
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30°, 60°, etc: Devise a circuit whose output is this broken-line waveform when 
the input is the triangular waveform. Assume ideal diodes and calculate the 
values of all supply voltages and resistances used. The peak value of the sinusoid 
is 50 V. 


Prob, 4-20 


n . 1 1 a 
0 80 60 90 120 150 180.210 240 270 300 330,360 


Construct circuits which exhibit terminal characteristics as shown in parts @ and 
b of the figure. 


(a) (0) 


Prob, 4-21 


The diode-resistor comparator of Fig. 4-13 is connected to a device which 
responds when the comparator output attains a level of 0.1 V. The input is a 
ramp which rises at the rate 10 V’us. The germanium diode has a reverse sat- 
uration current of 1 wA. Initially, R = 1 K and the 0.1-V output level is 
attained ata time! = 4. If wenowset R = 100 K, what will be the correspond- 
ing change in 4?- Vr = 0. 

For the four-diode sampling gate of Fig. 4-14 consider that 2, is at its most nega- 
tive value, say,v,= —V.,. Then verify that the expressions for Va,min ANd Vo,min 
given in Eqs. (4-7) and (4-8) remain valid. 


A balancing voltage divider is inserted between D3 and D4 in Fig. 4-14 so as to 
give zero output voltage for zero input. If the divider is assumed to be set at its 
midpoint, if its total resistance is R, and if R and R; are both much less than R, 
or Rr, show that 


R R 
Vermin = Vs 2 7 1+ — 
: ( * malt ss a) 
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4-25 (a) Explain qualitatively the operation of the sampling gate shown. The supply 
voltage V is constant. The control voltage », is the square wave of Fig. 4-14). 
Assume ideal diodes with V, = 0, Ry = 0, and R, = ©. Hint: When», = V., 
the diodes D1 and D2 conduct (if V > Vain) and D3 and D4 are orr. If 
ve = —Vn, then D3 and D4 conduct and D1 and D2 are orr. 

Verify the following relationships: 


Re R, 


i ee 
(0) Vinin RB, BR, + 2B, 


8 


where &, = &.||Ro. 


Ug a 2k, Ry 
A v9, RB, Ri + 2K, 


Rey Re 
* Re + Ro Re + Re 


(2) Vania = V 


(¢) Vein = AVe 


Prob. 4-25 


4-26 A diode whose internal resistance is 20 @ is to supply power to a 1,000 load 
from a 110-V (rms) source of supply. Calculate (a) the peak load current, (6) 
the de load current, (c) the ac load current, (d) the dc diode voltage, (e) the total 
input power to the circuit, (f) the percentage regulation from no load to the given 
load. 

4-27 Show that the maximum de output power Pa, = Vala, in a half-wave single- 
phase circuit occurs when the load resistance equals the diode resistance Ry. 

4-28 The efficiency of rectification 7, is defined as the ratio of the de output power 


Pac = Vaelae to the input power P; = (1/27) ie at da. 
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4-33 


4-34 
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(a) Show that, for tlie half-wave-rectifier circuit, 


40.6 


ae cee rr ‘0 


(6) Show that, for the full-wave rectifier, 7, has twice the value given in part a. 
Prove that the regulation of both the half-wave and the full-wave rectifier is 
given by 


% regulation = a = 100% 


Lb 


(a) Prove Eqs. (4-21) and (4-22) for the de voltage of a full-wave-rectifier circuit. 
(b) Find the de voltage across a diode by direct integration. 

A full-wave single-phase rectifier consists of a double-diode vacuum tube, the 
internal resistance of each element of which may be considered to be constant and 
equal to 500 2. These feed into a pure resistance load of 2,000 2. The secon- 
dary transformer voltage to center tap is 280 V. Calculate (a) the de load cur- - 
rent, (6) the direct current in each tube, (c) the ac voltage across each diode, (d) 
the de output power, (e) the percentage regulation. 

In the full-wave single-phase bridge, can the transformer and the load be inter- 
changed? Explain carefully. 

A 1-mA de meter whose resistance is 10 Q is calibrated to read rms volts when 
used in a bridge circuit with semiconductor diodes. The effective resistance of 
each element may be considered to be zero in the forward direction and infinite 
in the inverse direction. The sinusoidal input voltage is applied in series with a 
5-K resistance. What is the full-scale reading of this meter? 

The circuit shown is a half-wave voltage doubler. Analyze the operation of this 
circuit. Calculate (a) the maximum possible voltage across each capacitor, (0) 
the peak inverse voltage of each diode. Compare this circuit with the bridge 
voltage doubler of Fig. 4-22. In this circuit the output voltage is negative with 
respect to ground. Show that if the connections to the cathode and anode of 
each diode are interchanged, the output voltage will be positive with respect 


to ground. 


D2 


Prob, 4-34 Cz Output 


CQ 
1 
Input | uy 
+ 


4-35 The circuit of Prob. 4-34 can be extended from a doubler to a quadrupler by 


adding two diodes and two capacitors as shown. In the figure, parts a and b are 
alternative ways of drawing the same circuit. 
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(a) Analyze the operation of this circuit. 

(6) Answer the same questions as asked in Prob. 4-34. 

(c) Generalize the circuit of this and of Prob. 4-34 so as to obtain n-fold multi- 
plication when n isany even number. In particular, sketch the circuit for sixfold 
multiplication. 

(d) Show that n-fold multiplication, with n odd, can also be obtained provided 
that the output is properly chosen. 


he ees 
- Cc C, 
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D2 Output | D1 D3 
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j ft” ad 2 
(2) () 
Prob. 4-35 
4-36 A single-phase full-wave rectifier uses a semiconductor diode. The transformer 


voltage is 35 V rms to center tap. The load consists of a 40-uF capacitance in 
parallel with a 250-Q resistor. The diode aud the transformer resistances and 
leakage reactance may be neglected. 

(a) Calculate the cutout angle. 

(6) Plot to scale the output voltage and the diode current as in Fig. 4-25. Deter- 
mine the cutin point graphically from this plot, and find the peak diode current 
corresponding to this point. 

(c) Repeat parts a and 4, using a 160-yF instead of a 40-uF capacitance. 


CHAPTER 5 


5-1 


(a) Show that for an n-p-n silicon transistor of the alloy type in which the 
resistivity pz of the base is much larger than that of the collector, the punch- 
through voliage V is given by V = 6.1 x 10°11's?/ps, where V is in volts, pg in 
ohm-centimeters, and 1¥ in mils. For punch-through, W = Ws in Fig. 5-8a. 
(d) Calculate the punch-through voltage if TY = 1 um and pr = 0.5 Q-em. 
The transistor of Fig. 5-3a has the characteristics given in Figs. 5-6 and 5-7. 
Let Veo = 6 V, Ry = 200 0, and Ig = 15 mA, 

(a) Find I¢ and Vez. 
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(b) Find Veg and Vy. 
(c) If Zz changes by A7Jc = 10 mA symmetrically around the point of part ¢ and 
with constant Vez, find the corresponding change in Je. 

5-3 The CB transistor used in the circuit of Fig. 5-3a has the characteristics given in 
Figs. 5-6 and 5-7. Let 7c = —20 mA, Vea = —4 V, and R, = 200 Q. 
(a) Find Vee and Ir. 
(b) If the supply voltage Vee decreases from its value in part a by 2 V while Zz 
retains its previous value, find the new values of Je and Veg. 

5-4 The CE transistor used in the circuit shown has the characteristics given in Figs. 
5-10 and 5-11. 
(a) Find Vas if Veo = 10 V, Vee = —1 V, and Ry, = 250 Q. 
(b) If Vee = 10 V, find Riso that Je = —20mAand Vez = —4V. Find Vaz. 


Prob, 5-4 


5-5 Ifa =0.98and Vex = 0.7 V, find R, in the cireuit shown for an emitter current 
Ig = —2mA. Neglect the reverse saturation current. 


Prob, 5-5 


R,= 20K 


| 


5-6 (a) Find R. and &, in the circuit of Fig. 5-120 if Vee = 10 V and Vaz = 5 V, so 
that Je = 10 mA and Vez = 5 V. A silicon transistor with 8 = 100, Vaz = 
0.7 V, and negligible reverse saturation current is under consideration. 
(b) Repeat part a if a 100-Q emitter resistor is added to the circuit. 
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5-7 In the circuit shown, Vee = 24 V, R. = 10 K, and R, = 270 9. If a silicon 
transistor is used with 6 = 45 and if Ver = 5 V, find R. Neglect the reverse 
saturation current. 


Ves 
R. 
R 
o— =] Prob. 5-7 
R, 


5-8 or the circuit shown, transistors Q1 and @2 operate in the active region with 
Van = Var. = 0.7 V, 2: = 100, and §. = 50. The reverse saturation cur- 
rents may be neglected. 

(a) Find the currents Ja, 71, 72, Zeca, Tm, Tei, and Tm. 
(6) Find the voltages V,, and Voo. 


+24V 
O 


82K 


Prob. 5-8 


5-9 (a) The reverse saturation current of the germanium transistor in Fig. 5-13 is 
2 vAat room temperature (25°C) and increases bya factor of 2 for each tempera- 
ture increase of 10°C. The bias Vag = 5 V. Find the maximum allowable 
value for Pz if the transistor is to remain cut off at a temperature of 75°C. 

(0) If Ves = 1.0 V and Rez = 50 K, how high may the temperature increase 
before the transistor comes out of cutoff? 

5-10 From the characteristic curves for the type 2N404 transistor given in Fig. 5-14, 
find the voltages Var, Vex, and Vac for the circuit shown. 
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1K 
Prob. 5-10 30K 


2N404 


5-11 A silicon transistor with Vaz. = 0.8 V,6 = Arz = 100, Vera, = 0.2 V is used 
in the circuit shown. Find the minimum value of R, for which the transistor 
remains in saturation. 


Prob, 5-11 


5-12 For the circuit shown, assume 8 = hrz = 100. 
(a) Find if the silicon transistor is in cutoff, saturation, or in the active region. 
(b) Find V,. 
(c) Find the minimum value for the emitter resistor R, for which the transistor 
operates in the active region. 


-10V 


Prob, 5-12 
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5-13 If the silicon transistor used in the circuit shown has a minimum value of 8 = lez 
of 30 and if Ieno = 10 nA at 25°C: 
(a) Find V, for V; = 12 V and show that @Q is in saturation. 
(0) Find the minimum value of 2, for which the transistor in part @ is in the 
active region. . 
(c) If #; = 15 K and V; = 1 V, find V, and show that @ is at cutoff. 
(d) Find the maximum temperature at which.the transistor in part ¢ remains 
at cutoff. 


Prob, 5-13 


-12V 


5-14 Silicon transistors with hrz = 100 are used jn the circuit shown. Neglect the 
reverse saturation current. 


(a) Find V, when V; = 0 V. Assume Q1 is oFr and justify the assumption. 
(6) Find V, when V; = 6V. Assume Q2 is oFF and justify this assumption, 


12V 
fe) 


Prob. 5-14 
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5-15 For the circuit shown, a = 0.98, a. = 0.96, Veco = 24 V, A. = 120 Q, and 
Ip = —100 mA. Neglecting the reverse saturation currents, determine (a) the 
currents Ic1, Tai, Tei, Ie2, Tea, and Ic; (b) Vos; (c) Ie. Is, Ic/Ie. 


ef 
<— 


Prob, 5-15 


Ip = In 
— 


5-16 Derive from Eqs. (5-24) and (5-25) the explicit expressions for J¢ and Fg in terms 
of Ve and Ve. ; 

5-17 (a) Derive Eqs. (5-29) and (5-30). 
(b) Derive Eq. (5-31). 

5-18 Draw the Ebers-Moll model for an n-p-n transistor. 

5-19 (a) Show that the exact expression for the CI, output characteristics of a p-n-p 
transistor is 


Ico + anlIn — Ic(l — ay) 
Tro + Ie + Tc ar ai) 


(b) Show that this reduces to Eq. (5-31) if Js >> Teo and Iz >> Ico/aw. 

5-20 (a) A transistor is operating in the cutoff region with both the emitter and 
collector junctious reverse-biased by at least a few tenths of a volt. Prove that 
the currents are given by 


Vege = Vrin ab + Vrin 
aon 


Tro( = ay) 

Ig = ———_ 
L — aya; 

Io = Teo(1 — a) 
= 
1 — avar 


(b) Prove that the emitter-junction voltage required just to produce cutoff 
(7g = 0 and the collector back-biased) is 


Ve =Vr In a pa ax) 


5-21 (a) Find the collector current for a transistor when both emitter and collec- 
tor junctions are reverse-biased. Assume Ico = 5 wA, Teo = 3.57 pA, and 
ay = 0.98. 
(b) Find the emitter current 7~ under the same conditions as in part a. 
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5-22 


5-23 


5-24 


5-25 


5-26 


5-27 


5-28 


Show that the emitter volt-ampere characteristic of a transistor in the active 
region is given by 


Tg a TgeVal¥r 


where Is = —Ino/(1 — ayas). Note that this characteristic is that of a pn 

junction diode. 

(a) Given an n-p-n transistor for which (at room temperature) ay = 0.98, 

Ico = 2 mA, and Zzo = 1.6 wA. A coimmon-emitter connection is used, me 

Vee = 12 V and Ry = 4.0 K. What is the minimum base current meauied 4 in 

order that the transistor enter its saturation region? 

(6) Under the conditions in part a, find the voltages across each junction between 

each pair of terminals if the base- spreading resistance ry, is neglected. 

(c) Repeat part 6 if the base current is 200 yA. 

(2) How are the above results modified if ry, = 250 2? 

Plot the emitter current vs. emitter-to-base voltage for a transistor for which 
= 0.98, Ico = 2 wA, and Igo = 1.6 pA if (a) Ve = 0, (6) Ve is back-biased 

by more than a few tenths of a volt. Neglect the base-spreading resistance. 

Plot carefully to scale the common-emitter characteristic I¢/Ip versus Vcr for a 

transistor with ay = 0.90 = 


Show that 
I Tc 
Tepe 0% * 5 eee 
1 — aya 1 —- ay 
A common method of calculating ay and ar is by measurement of Ico, Iczo, and 


Ices. Show that 


(ayy LET. ips, Sil Teal Tons 
nee 1 = Teo/Texo 


The collector leakage current is measured as shown in the figure, with the emitter 
grounded and a resistor R connected between base and ground. If this current 
is designated as Icer, show that 


Teo(L + IzoR/Vr) 
L — awar + (leoR/Vr)(1 — ay) 


Icer 


Vee 
| Texn 


Prob. 5-28 
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5-29 For the circuit shown, verify that V, = Vee when 


Vee ay 1 — a Vee ( 2) 
= i+ = 1+ 
o R. ( ay 1 — =) R. Br 


Under these conditions the base current exceeds the emitter current. 


Vee 


Prob. 5-29 


5-30 For the circuit shown, prove that the floating emitter-to-base voltage is given by 
Vesr = Vrin (1 — ew) 


Neglect ros. 


Prob. 5-30 Vear + 5V 


5-31 For the ‘‘floating-base’”’ connection shown, prove that 


2— an 


[pee Se 
cr a ayye co 


Assume that the transistors are identical. 


Prob, 5-31 
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5-32 (a) Show that if the collector junction is reverse-biased with \Veal > Vr, the 
voltage Voz is related to the base current by 


Re 
Var = Ip (1 + 7 ) 
1 — ay 


is | TcoRkr Si i [: 4 ot = aya) | ay(l — =| 


1 — an zo(1 — ay) a(t — ay) 


where mp, is the base-spreading resistance, and Re is the emitter-body resistance. 
(6) Show that Vex = a(t. + Rr) + Vell + Ie/Ts) if the collector is open- 
circuited. 

5-33 A transistor is operated at a forward emitter current of 2 mA and with the collec- 
tor open-circuited. Find (a) the junction voltages Vc and Vz, (8) the collector- 
to-emitter voltage Ver. Assume Ico = 2 BA, Izo = 1.6 uA, av = 0.98. Is the 
transistor operating in saturation, at cutoff, or in the active region? 

5-34 Photodiode 1N77 (Fig. 3-21) is used in the circuit shown. R, represents the 
coil resistance of a relay for which the current required to close the relay is 6 mA. 
The transistor used is silicon with Vex = 0.7 V and here = 100. 


Veco = 20V 


Prob. 5-34 
Lf 
Relay coil 
R,=2K 


50K 


(a) Find the voltage Vy at which switching of the relay oecurs. 
(6) Find the minimum illumination required to close the relay. 
(c) If the relay coil is placed directly in series with the phototransistor of Fig. 


5-25 across 20 V, find the illumination intensity required to close the relay. 


CHAPTER 6 


6-1 Convert the following decimal numbers to binary form: (a) 671, (8) 325, (c) 152. 
6-2 The parameters in the diode or circuit of Fig. 6-3 are V(0) = +12 V, VQ) = 
—2V, R, = 600 2, R = 10 K, R; =0, R, = , and V,=0.6 V. Calculate 
the output levels if one input is excited and if (a) Ve = +12V, (6) Ve = +10 y, 
(c) Ve = +14V, and @) Ve =0V. For which of these cases is the or function 
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6-3 


6-4 


6-5 


6-6 


6-7 


6-8 


6-9 


satisfied (except possibly for a shift in level between input and output)? (e) 
Repeat part a if three inputs are excited. 

Consider a two-input positive-logic diode or gate (Fig. 6-3 with the diodes 
reversed) and with Vz = 0. The inputs are the square waves z, and v2 indicated. 
Sketch the output waveform if the ratio of the amplitude of v2 to v is (a) 2 and 
(b) #. Assume ideal diodes (Ry = 0, R, = , and V,, = 0) and R, = 0. 


Prob. 6-3 ve 


ov 


Consider two signals, a 1-kHz sine wave and a 10-kI]z square wave of zero aver- 
age value, applied to the or circuit of Fig. 6-8 with Ve = 0. Draw the output 
waveform if the sine-wave amplitude (a) excceds the square-wave amplitude, 
(6) is less than the square-wave amplitude. 

Consider a two-input positive-logic diode anp circuit (Fig. 6-5) with Ve = 15 V, 
R=10 K, R, = 1K. Assume ideal diodes and neglect all capacitances. A 
square wave v;, extending from —5 to +5 V with respect to ground, is applied 
simultaneously to both inputs. (a) Sketch the output », and calculate the 
maximum and minimum voltages with respect to ground. (b) If » = »; and 
vo = —»;, calculate the voltage levels of v, and plot. 

a) Using a clamping diode draw an anv diode gate whose output is V’ when there 
is no coincidence, and V(1) when there is. Assume that Vp > V(1) and that 
positive logic is used. 

b) Find the minimum required value of ¥’ and the maximum number of inputs 
if the rated current of the catching diode is Jm. 

a) Indicate how to modify the circuit of Prob. 6-5 so that the minimum voltage 
is zero. 

b) Repeat parts a and 6 of. Prob. 6-5 assuming maximum rated current of the 
catching diode 5 mA. 

c) Find the maximum number of inputs if rated current of catching diode is 
50 mA. 

Consider a two-input positive-logic diode anv circuit (Fig. 6-55) with Ve = 10 V, 
R= 10 K, and R, = 0. Assume ideal diodes and neglect capacitances. The 
input waveforms are x, and v2 sketched in Prob. 6-3. Sketch the output wave- 
form if the ratio of the amplitude of v2 to a is (a) 2, (b) 1, and (c) 3. Repeat part 
bi R,= 1K. 

The binary input levels for the ANb circuit shown are ¥(0) = 0 V and V(L) = 
25 V. Assume ideal diodes. Ifv, = V(0) and x, = V(1), then », is to beat 5 V. 
However, if v) = ve = V(L), then », is to rise above 5 V. 
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(a) What is the maximum value of Vg which may be used? 

(b) If Ve = 20 V, what is », at a coincidence [v; == v2 == V(1)]? What are the 
diode currents? 

(c) Repeat part b if Ve = 40 V. 


D1 
20 V 
R 
-150V R 
Y% 
D2 
R’ DO 
-150V = 
Prob, 6-9 Prob. 6-10 
6-10 The two-input-diode anv circuit shown uses diodes with R, = 500 0, R, = &, 


6-11 


and V,=0. The quiescent current in DO is 6 mA, and the currents in D1 and 
D2 are each 4 mA 

(a) Caleulate the quiescent output voltage v, and the values of R and R’. 

(6) Calculate the output voltage when one input diode is cut off. Calculate this 
result approximately by assuming that the currents through F and the remaining 
input diode do not change. Also, calculate the result exactly. 

(c) Assume that diode DO is omitted, that the currents in D1 and D2 remain 
4 mA each, and that the output », is the same as that found in part a. Find R 
and R’, 

(a) If the conditions are as indicated in part c but one of the diodes is cut off, 
find the output voltage »,. Compare with the result in part 6 when DO acts asa 
clamp. 

Find », aud v’ if (a) there are no pulses at either A or B, (8) there is a 30-V positive _ 
pulse at A or B, and (c) there are positive pulses at both A and B. (d) What is 
the minimum pulse amplitude which must be applied in order that the circuit 
operate properly? Assume ideal diodes. 
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6-12 


6-13 


6-14 


6-15 


(a) Verify that the circuit shown is an inverter by calculating the output levels 
corresponding to input levels of 0 and —6 V. What minimum value of Arg is 
required? Neglect junction saturation voltages and assume an ideal diode. 

(b) If the reverse collector saturation current at 25°C is 5 wA, what is the maxi- 
mum temperature at which this inverter will operate properly? 


-18V 


22K 


Prob, 6-12 


22K 


6V 


For the cireuit shown in Fig. 6-7, Vee = 8 V, Vas = 8 V, Ver = 0, and R, = 
2.2 K. The inverter is to operate properly in the temperature range —25 to 
125°C. The silicon transistor used has (hrs) mn = 65 at 25°C, 55 at —25°C, 
85 at 125°C, and Icgo = 5 nA at 25°C. The desired logic levels are V(1) = 
8+42V,V0) =02 40.2 V. 

(a) Find the maximum value of R; if R. = 100 K. 

(b) If the desired logic levels are V(1) = 4 + 1 Vand V(0) = 0.2 + 0.2 V, what 
modification should you make to this circuit? 

A half adder is a combination of on and aNp gates. It has two inputs and two 
outputs and the following truth table: 


Input 1 | Input 2 | Output 1] Output 2 


BKHrRoOOo 
KFOrO 
OrrHO 
rFoOooo 


Draw the logic block diagram for a half adder, 

The four inputs 1, v2, v3, and v4 are voltages from zero-impedanee sources whose 
values are either V(0) = 10 V or V(1) = 20 V. The diodes are ideal. Vr = 
25 V, Ri = 5 K, and Rp = 10 K. 

(a) Ifo, = » = 10 V and»; = v, = 20 V, find », and the currents in each diode. 
(0) Ifo, = v3 = 10 V and wv, = v4 = 20 V, find », and the currents in each diode. 
(c) Sketch in block-diagram form the logic performed by this cireuit. 

(d) Verify that in order for the circuit to operate properly the following inequal- 
ity must be satisfied: 


796 / INTEGRATED ELECTRONICS App. C 


6-16 


6-17 


6-18 
6-19 


Prob, 6-15 


(a) In block-diagram form indicate the logic performed by the diode system 
shown. The input levels are V(0) = —8 V and V(l) = +2V. Neglect source 
resistance and assume that the diodes are ideal. Justify your answer by caleulat- 
ing the voltages v,, va, and », (and indicating which diodes are conducting) 
under the following circumstances: (i) all inputs are at V(0); (it) some but not 
all inputs in A are at V(1) and all inputs in B are at V(Q); ii) all inputs in A 
are at V(1) and some iuputs in B are at V(1); and (iv) all inputs are at V(1). 
(b) If the 10-K resistance were increased, at what maximum value would the 
cireuit no longer operate in the manner described above? 

(c) Indicate how to modify the circuit so that the output levels are —5 andoO V, 
respectively. 


Prob. 6-16 


(a) Verify De Morgan’s law [Eq. (6-27)] in a manner analogous to that given in 
the text in connection with the proof of Eq. (6-25). 

(0) Prove Eq. (6-27) by constructing a truth table for each side and verifying 
that these two tables have the same outputs. 

Verify the auxiliary Boolean identities in Table 6-4 (page 174). 

Using Boolean algebra, verify 

(@@) A+B4+A+B=4 

(0) AB+ AC+ BC = AC + BE 

Hint: Multiply the first term on the left-hand side byC+C=1, 

() AB+ BC+ CA =AB+ BO +64 
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6-20 Using Boolean algebra, verify 
(a) (A+ B)(B + C)(04+ A) = AB+ BC +CA 
(b) (A + B)(A + C) = AC + AB 
(c:) AB + BE + ACG = ABS BE 
Hint: A term may be multiplied by B + B = 1. 

6-21 Given two N-bit characters which are available in parallel form. Indicate in 
block-diagram form a system whose output is | if and only if all corresponding 
bits are equal, that is, only if the two characters are equal. ; 

6-22 A, B,andC represent the presence of pulses. The logic statement “4 or B and 
Cc” can have two interpretations. Which are they? In block-diagram form 
draw the circuit to perform each of the two logic operations. 

6-23 A circuit has three input and one output terminals. The output is 1 if any two 
of the three inputs are 1 and is 0 for any other combination of inputs. Draw a 
block diagram of this logic circuit. 

6-24 In block-diagram form draw a circuit to perform the following logic: 1f pulses 
Ai, Az, and Az occur simultaneously or if pulses B, and Bz occur simultane- 
ously, an output pulse is delivered, provided that pulse C does not occur at 
the same time. No output is to be obtained if -L,, da, A3, Bi, and Be occur 
simultaneously. 

6-25 Asingle-pole double-throw switch is to be simulated with anv, or, and INHIBITOR 
circuits. Call the two signal inputs 4 and B. A third input C receives the 
switching instructions in the form of a code: 1 (a pulse is present) or 0 (110 pulse 
exists). It is desired that C = | set the switch to A and C = 0 set the switch 
to B, as indicated schematically. In block-diagram form show the circuit for 
this switch. 


Output Prob. 6-25 


6-26 In block-diagram form draw a circuit which satisfies simultaneously the condi- 
tions a, 6, and cas follows: 
(a) The output is excited if any pair of inputs 41, -~2, and Ag is excited, provided 
that B is also excited. 
(6) The output is ] if any one (and only one) of the inputs Ai, As, or A3 is 1, 
provided that B = 0. 
(ec) No output is excited if 1, d2, aud As are simultaneously excited. 

6-27 (a) For the illustrative naNnp gate of Fig. 6-19a@ calculate the minimum value of 
hre taking junction voltages into account. _ 
(6) What is the maximum noise voltage (superimposed upon the logic level) 
which will still permit the circuit to operate properly? Consider the following 
two cases: (i) a complete coincidence and (ii) al] inputs but one in the 1 state. 
(c) What is the maximum value of the source resistance which will still permit 
proper circuit operation? Assume a 0.7-V drop across a conducting diode. 
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6-28 The circuit shown uses silicon diodes and a silicon transistor. The input A or B 
is obtained from the output Y of a similar gate. 
(a) What are the logic levels? Take junction voltages into account. 
(0) Verify that the circuit satishes the NAND operation. Assume hrr.min = 15. 
(c) What is the maximum allowable value of I¢so? 
(d) Now neglect junction voltages and I¢go and verify that the circuit satisfies 
the NoR operation. 


Prob. 6-28 


6-29 Verify that the circuit shown is an EXCLUSIVE OR. 


A | 4 


| py Prob, 6-29 


6-30 Verify that the Nor-NorR topology is equivalent to an or-AND system. 

6-31 Verify that the logic operations or, ANv, and Nor may be implemented by using 
only Nor gates. 

6-32 What logic operation is performed by the circuit shown, which consists of inter- 
connected Nor gates? 


Prob. 6-32 
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6-33 


6-34 


6-35 
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(a) Implement the EXCLUSIVE oR gate using (i) NoR gates, (ii) NAND gates. 

(b) Repeat part a for the half adder of Prob. 6-14. 

(a) Thediscrete-components circuit of a DTL gate shown uses a silicon transistor 
with worst-case values of Varzjsat = 1.0 V and Vez... = 0.5 V. The voltage 
across any silicon diode (when conducting) is 0.7 V. Assume that D1 consists 
of two diodes in series, The circuit parameters are Vec = Veg = 12 V, R= 
15 K, R, = 100 K, and R, = 2.2 K. The inputs to this switch are obtained 
from the outputs of similar gates. Verify that the circuit functions as a positive 
NnanD. [In particular, for proper operation, calculate the minimum value of the 
clamping voltage V’ and Arg. 

(b) Will the circuit operate properly if D1 is (i) a single diode or (ii) three diodes 
in series? 

(c) Replace D1 by a 15-K resistance and repeat part a. Compare the binary 
levels in part a and c. 

(d) What is the maximum allowed fan-in, assuming that the diodes are ideal? 
What is a practical limitation on fan-in? 


12V 
9 


Prob, 6-34 


The DTL shown ieee silicon devices with Vario: = 0.8 V, Vez se = 0.2 V, 
V, = 0.5 V, and the drop across a conducting diode = 0.7 V. The inputs to this 
switch are obtained from the outputs of similar gates. 


Prob, 6-35 
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6-37 


(a) Verify that the cireuit functions as a positive NAND and calculate Are, min: 
Assume that the transistor is essentially cut off if the base-to-emilter voltage 
is at least 0.1 V smaller than the cutin voltage Vy. 

(b) Assume that the diode reverse saturation current is equal to the transistor 
reverse saturation collector current. Fiud Leso,max- 

(c) If all inputs are high, what is the maguitude of noise voltage at the input 
which will cause the gate to malfunction? 

(d) Repeat part c if at least one input is low. 

(a) Analyze the DTL circuit shown. Use the voltage drops given in Prob. 6-35. 
(b) Find Arz,mis if two similar gates are to be driven by this circuit. 

(c) Find the noise margins. 


L_o Prob. 6-36 


(a) Analyze the DTL circuit shown. Use the voltage drops given in Prob. 6-35. 
(b) If hex = 25, calculate the fan-out N. 

(c) For a fan-out of 10 and assuming a diode reverse saturation current of 15 wA, 
what is V(1)? 


Prob. 6-37 
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6-38 The positive DTL nanp gate of Prob. 6-39 is to operate properly in the tempera- 


6-39 


ture range —50 to 160°C. The silicon transistor has hrz,m, = 50 at —50°C, 
hrz.min = 65 at 25°C, and Are.min = 100 at 160°C. The reverse saturation col- 
lector current of the transistor at 25°C is Iceso = 0.5 nA, and it equal to the 
reverse saturation current of the silicon diode. The maximum current rating 
of the transistor is 50 mA. ‘The gate will be used in a system with power supply 
voltage of 5 V, and the allowed variation in V(1) is +0.5 V. The desired abso- 
lute value of the noise margin is 1.5 V and the desired fanout is 10. The transis« 
tor is considered orr if Vaz < 0.4 V. 

(a) Calculate the minimum required number of diodes between P and the base 
of the transistor. 

(b) Calculate the maximum value of Ro. 

(c) For the values found in (a) and (6) determine the range of values that R, 
can take. 

(a) Using the middle value of R, found in part (c), specify the range of values 
that R, can take. 

For the integrated positive DTL nanp gate shown, prove that 

(2) The maximum number of diodes that can be used is given by tmx = 
(Vee — Vax,1)/Vo, where Vo is the voltage drop across a diode. 

(6) The maximum fan-out is given by 


y 
N max hee — tre (n+ E) 2 ¢ of a) 
J 


Prob. 6-39 


6-40 For the modified integrated positive DIL nanp of Fig. 6-24 specify hrs and the 


6-41 


maximum current rating in order to have a fan-out of 50. 

For the integrated positive DTL gate shown 

(a) Verify its function as a NAND gate and specify the state of each transistor 
when at least one input is low and also at a coincidence. 

(0) For hre.min = 30, calculate the fan-out of this gate. The inputs of this gate 
are obtained from the outputs of similar gates, and its output drives similar gates. 
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6-42 In the integrated positive DIL Nano gate of Fig. 6-24 a Schottky diode is 
fabricated between base and collector to prevent the transistor Q2 from saturat- 
ing. The anode of the Schottky diode is at the base and the drop across the 
diode when conducting is 0.4 V (Sec. 7-13). 

(a) Explain why the transistor Q2 does not go into saturation. 

(b) Verify the operation of the gate as a NAND gate and calculate noise margins. 
(c) Find the logic levels and maximum fan-out if the inputs of this gate are 
obtained from similar gates and outputs drive similar gates and hrz = 30. 


6-43 Verify that this wired circuit performs the EXCLUSIVE oR function. 


Ao—l Y, 
Bo 
y Prob, 6-43 
A Ye 
Bo— 


6-44 (a) For the high-threshold logic nanp gate of Fig. 6-26, if Ve of the diode is 
6.9 V, verify that this circuit functions as a positive NAND and calculate Ayz, min 
The inputs of this gate are obtained from the output of similar gates. 
(b) Calculate noise margins. 
(c) Calculate the fan-out of this gate if hrz,min = 40. 


6-45 If the output in Fig. 6-26 is capacitively loaded (by C), then the rise time as Y 
goes from its low to its high state will be long because of the high load resistance 
(15 K) of Q2. To reduce this time constant the active pull-up circuit indicated 
in the dashed block is added across the 15-K resistor. 
(a) Explain how the circuit works. 
(b) Why not simply replace 15 K by 1.5 K? 
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Prob, 6-45 


6-46 (a) For the IC positive TTL nanp gate shown in wae 6- 27, calculate hre,min 
for proper operation of the circuit. 
(b) Calculate noise margins. 
(c) Calculate the fan-out if hrz,min = 30. 

6-47. For the IC positive nanp TTL gate shown, if the inputs are obtained from the 
outputs of similar gates and Arz,mi, of the transistors is 30, verify its operation 
as a NAND gate when the fan-out is 10. 
(a) At coincidence, find the state of each transistor and all currents and voltages 
of the circuit. 
(b) Repeat part @ if at least one input is low. 
(c) Find the logic levels. 
(d) Calculate the peak current drawn from the supply during the transient. 
(e) Calculate maximum fan-out for proper operation of the gate. 


[2) 
ow 
Usdenatie 22s 


Prob. 6-47 
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6-48 For an RTL IC positive Nor gate prove that the maximum as can be 

approximated by the formula 
0.6 R 
LY age = POPS ttt, — TOP rat ey ry 

6-49 The inputs of the RTL IC positive nor gate shown in Fig. 6-29 are obtained 
from the outputs of similar gates and the outputs drive similar gates. If the 
supply voltage of the system is 5 V and the temperature range for proper opera- 
tion of the gate is —50 to 150°C, calculate the maximum permissible values of the 
resistances. Assume hrg = 30 at —50°C, I¢so = 10 nA at 25°C, and the 
desired fan-out is 10. 

6-50 Verify that the DCTL circuit shown with the fan-in transistors in series satisfies 
the NAND operation. Assume that for the silicon transistors, Vex,s4, = 0.2 V and 
Voz = 0.8 V. Calculate the collector currents in each transistor when all 
inputs are high. The input to each base is taken from the output of a similar 
gate. 

15Vv 
2K 

vy, 

Prob. 6-50 

v2 

ug 

CHAPTER 7 

7-1 (a) Verify that Eq. (7-3) meets the stated boundary conditions. 


7-3 


(b) Verify that Eq. (7-5) satisfies the diffusion equation (7-2) and that it meets 
the stated boundary conditions. 

A silicon wafer is uniformly doped with phosphorus to a concentration of 
10'4%em~*. Refer to Table 2-1 on page 29. At room temperature (300°K) find 
(a) The percentage of phosphorus by weight in the wafer. 

(b) The conductivity and resistivity. 

(c) The concentration of boron, which, if added to the phosphorus-doped wafer, 
would halve the conductivity. 


(a) Using the data of Fig. 7-8, calculate the percent maximum concentration 
of arsenic (atoms per cubic centimeter) that can be achieved in solid silicon. The 


App. 


7-5 


7-7 


7-10 


7-1) 
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concentration of pure silicon may be calculated from the data in Table 2-1 on 
page 29. 

(6) Repeat part a for gold. 

(2) How long would it take for a fixed amount of phosphorus distributed over 
one surface of a 25-ym-thick silicon wafer to become substantially uniformly dis-_ 
tributed throughout the wafer at 1300°C? Consider that the concentration is 
sufficiently uniform if it does not differ by more than 10 percent from that at the 
surface. 

(b) Repeat part a for gold, given that the diffusion coefficient of gold in silicon is 
1.5 X 107° em?/s at 1300°C. 

Show that the junction depth 2; resulting from a Gaussian impurity diffusion 
into an oppositely doped material of background concentration N'gc is given by 


Q@ a 
; = | 2D¢ ln» —-—_ 
7 ( ‘3 ven) 


A uniformly doped n-type silicon substrate of 0.1 Q-em resistivity is to be 
subjected to a boron diffusion with constant surface concentration of 4.8 x 
10'8cm7%. The desired junction depth is 2.7 pm. 

(a) Calculate the impurity concentration for the boron diffusion as a function of 
distance from the surface. 

(0) How long will it take if the temperature at which this diffusion is conducted 
is 1100°C? 

(c) An n-p-n transistor is to be completed by diffusing phosphorus at a surface 
concentration of 10? em~%. If the new junction is to be at adepth of 2 um, 
calculate the concentration for the phosphorus diffusion as a function of distance 
from the surface. 

(d) Plot the impurity concentrations (log scale) vs. distance (lmear scale) for 
parts a and ¢, assuming that the boron stays put during the phosphorus diffusion. 
Indicate emitter, base, and collector on your plot. 

(e) If the phosphorus diffusion takes 30 min, at what temperature is the appa- 
ratus operated? 

List in order the steps required in fabricating a monolithic silicon integrated 
transistor by the epitaxial-diffused method. Sketch the cross section after each 
oxide growth. Label materials clearly. No buried layer is required. 


Sketch fo scale the cross section of a monolithic transistor fabricated on a 5-mil- 
thick silicon substrate. Hunt: Refer to Sec. 7-1 and Figs. 7-12 and 7-13 for 
typical dimensions. 

Sketch the five basic diode connections (in circuit form) for the monolithic 
integrated circuits. Which will have the lowest forward voltage drop? Highest 
breakdown voltage? 

If the base sheet resistance can be held to within +10 percent and resistor 
line widths can be held to +0.1 mil, plot approximate tolerance of a diffused 
resistor as a function of line width w in mils over the range 0.56 < w < 5.0. 
(Neglect contact-area and contact-placement errors.) 

A 1-mil-thick silicon wafer has been doped uniformly with phosphorus to a con- 
centration of 101’ em~%, plus boron to a concentration of 2X 10!%em™3, Find 
its sheet resistance. 
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7-12 (a) Calculate the resistance of a diffused crossover 4 mils long, 1 mil wide, and 
2 um thick, given that its sheet resistance is 2.2 0/square. 
(b) Repeat part @ for an aluminum metalizing layer 0.5 um thick of resistivity 
2.8 X 10-§Q-cm. Note the advantage of avoiding diffused crossovers. 

7-13 (a) What is the minimum number of isolation regions required to realize in 
monolithic form the logic gate shown? 
(b) Draw a monolithic layout of the gate in the fashion of Fig. 7-250. 


ow 


Q6 Q5 


Prob. 7-13 


7-14 Repeat Prob. 7-13 for the difference amplifier shown. 


Prob, 7-14 
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7-15 For the circuit shown, find (a) the minimum number, (b) the maximum number 


7-16 


7-17 


7-18 


7-19 


? 


of isolation regions. 


Prob, 7-15 


For the circuit shown, (a) find the minimum number of isolation regions, and 
(6) draw a monolithic layout in the fashion of Fig. 7-26, given that (i) Q1, Q2, 
and @3 should be single-base-stripe, 1- by 2-mil emitter, transistors, (ii) Ri= R2 = 
Rk; = 400 Q, Rs = 600 & Use 1-mil-wide resistors. 


93 


Prob. 7-16 


An integrated junction capacitor has an area of 1,000 mils? and is operated at a 
reverse barrier potential of 1 V. The acceptor concentration of 1015 atoms/cm3 
is much smaller than the donor concentration. Calculate the capacitance. 

A thin-film capacitor has a capacitance of 0.4 pF/mil?. The relative dielectric 
constant of silicon dioxide is 3.5. What is the thickness of the SiO, layer in 
angstroms? 

The n-type epitaxial isolation region shown is 8 mils long, 6 mils wide, and 
1 mil thick and has a resistivity of 0.1 Q-cem. The resistivity of the p-type 
substrate is 10 Qem. Find the parasitic capacitance between the isolation 
region and the substrate under 5-V reverse bias. Assume that the sidewalls 
contribute 0.1 pF/mil?. 
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p’ isolation diffusion 
(5 x 10?°em™) 


Prob. 7-19 


p-type substrate 


n-type isolation region 


Nore: In the problems that follow, indicate your answer by giving the letter of ihe 
slalement you consider correct. 
7-20 The typical number of diffusions used in making epitaxial-diffused silicon inte- 
grated circuits is (a) 1, (b) 2, (c) 3, (d) 4, (e) 5. 
7-21 The “buried layer” in an integrated transistor is (2) pt doped, (6) located in the 
base region, (e) n* doped, (d) used to reduce the parasitic capacitance. 
7-22. Epitaxial growth is used in integrated circuits (ICs) ‘ 
(a) To grow selectively single-crystal p-doped silicon of one resistivity on a 
p-type substrate of a different resistivity. 
(b) To grow single-crystal n-doped silicon on a single-crystal p-type substrate. 
(c) Because it yields back-to-back isolating p-n junctions. 
(d) Because it produces low parasitic capacitance. 
7-23 Silicon dioxide (SiO) is used in ICs 
(a) Because it facilitates the penetration of diffusants. 
(b) Because of its high heat conduction. 
(c) To control the location of diffusion and to protect and insulate the silicon 
surface. 
(d) To control the concentration of diffusants. 


7-24 The p-type substrate in a monolithic circuit should be connected to 
(a) The most positive voltage available in the circuit. 
(b) The most negative voltage available in the circuit. 
(c) Any de ground point. 
(d) Nowhere, i.e., be left floating. 
7-25 Monolithic integrated circuit systems offer greater reliability than discrete- 
component systems because 
(a) There are fewer interconnections, 
(0) High-temperature metalizing is used. 
(c) Electric voltages are low. 
(d) Electric elements are closely matched. 
7-26 The collector-substrate junction in the epitaxial collector structure is, approxi- 
mately, : 
(a) A step-graded junction. 
(6) A linearly graded junction. 
(c) An exponential junction. 
(d) None of the above. 
7-27 The sheet resistance of a semiconductor is 
(a) An undesirable parasitic element. 
(b) An important characteristic of a diffused region, especially when used to 
form diffused resistors. 
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7-28 


7-29 


7-30 


7-31 


7-32 
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(c) A characteristic whose value determines the required area for a given value 
of integrated capacitance. 

(d) A parameter whose value is important in a thin-film resistance. 
Isolation in ICs is required. 

(a) To make it simpler to test circuits. 

(b) To protect the components from mechanical damage. 

(c) To protect the transistor from possible “thermal runaway.” 

(d) To minimize electrical interaction between circuit components. 
Almost all resistors are made in a monolithic IC 

(a) During the emitter diffusion. 

(d) While growing the epitaxial layer. 

(c) During the base diffusion. 

(2) During the collector diffusion. 

Increasing the yield of an integrated cireuit 

(a) Reduces individual circuit cost. 

(6) Inereases the cost of each good circuit. 

(c) Results in a lower number of good chips per wafer. 

(d) Means that more transistors ean be fabricated on the same size wafer. 
In a monolithic-type 1C 

(a) All isolation problems are eliminated. 

(b) Resistors aud capacitors of any value may be made. 

(c) All components are fabricated into a single erystal of silicon. 
(d) Each transistor is diffused into a separate isolation region. 

The main purpose of the metalization process is 

(a) To interconnect the various circuit elements 

() To protect the chip from oxidation. 

(c) To act as a heat sink. 

(@) To supply a bonding surface for mounting the chip. 


CHAPTER 8 


N 


orn: Unless otherwise specified, all transistors in these problems are identical, and 


the numerical values of their h parameters are given in Table 8-2. Also assume thai all 
capacitances are arbitrarily large. 


8-1 


8-3 


8-4 


(a) Using Fig. 8-66 write the input and output equations. 

(b) Draw the hybrid model for a CB transistor and write the input and output 
equations. 

(a) Describe how to obtain ’,, from the CE input characteristics. 

(0) Repeat part @ for hy. Explain why this procedure, although correct in 
principle, is inaccurate in practice. 

The transistor whose input characteristics are shown in Fig. 8-2 is biased at 
Vee = —8 V and Jz = —300 pA. 

(a) Compute graphically hy, and Ao. at the quiescent point specified above. 

(0) Using the & parameters computed in part a, calculate Ay, and logy. 

Justify the statement in the footnote to Table 8-3. Hint: Draw a CE transistor 
circuit with a signal voltage V, between base and ground. Now interchange 
Band F and observe the resulting configuration. 
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8-5 


8-6 


8-7 


8-8 


8-9 


(a) Find the CC h parameters in terms of the CE / parameters. 

(b) Find the CE h parameters in terms of the CC parameters. 

(a) Find the h, in terms of the CE A” parameters. 

(b) Find h;. in terms of the CB h parameters. 

(a) Show that the exact expression for h,, in terms of the CB hybrid parameters 
is 

hp(l — ha) + hikes 


hye = — 
, (1 + hy) — hn) + heals 


(b) From this exact formula obtain the approximate expression for hy.. 
(c) Show that the exact expression for hy, in terms of the CE hybrid parameters 
is 
Proll — ro) + Richoe 
a + hye) (ql = hre) + heeltic 


hp= 


(d) Irom this exact formula obtain the approximate expression for hy. 


For the circuit shown, verify that the modified A parameters (indicated by 
primes) are 


(1 + hy) Re 1 bre + hoe 
hl, = hig + by, he See ae 
(@) ces ee 0) ee a ae, 
Rye = Roelve , Noe 
hte = d) hi, = —“_ 
@ hea + hoeke @ 1 + hoeRe 


(e) To what do these expressions reduce if h..f&, <1? 


Show that the overall h parameters of the accompanying two-stage cascaded 
amplifier are : 
Rieko, po Aighia 


(a) hy = hy — i+e (b) Aus = Saye 
ait mohea 
horas neni 
(c) hoy = a1%a1 (d) ho = uk = rtar ibe 


1 Abeh tt 


1+ hook 


Prob. 8-9 
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8-10 Show that the overall h parameters for the composite transistor shown are 


8-11 


8-14 


1 — Ayer) 1 4+ hye) Pie 
(a) Ase = hier 4 ( OLE Mia diie 
LU + hoethier 
(hyex — Roevhicn) (1 + hyer) 
L + Aecthics 
(L + Ayer)(1 — Arez) Moet 
Noe = Roe + - 
= re os 
iealtocs + heer) (1 = Mee 
Ca ee 
1 + Aoethice 
(e) Obtain numerical values for the A parameters of the composite transistor by 
assuming identical transistors Q1 and Q2 and using Table 8-2. 


(b) hye = Reyer + 


Prob, 8-10 
Ql 


Given a single-stage transistor amplifier with the A parameters specified in Table 
8-2, calculate Az, Av, Avs, Ri, and R. for the CC transistor configuration, with 
R, = R, = 10K. Check your results with Fig. 8-16. 


(a) Draw the equivalent circuit for the CE and CC configurations subject to 


. the restriction that R, = 0. Show that the input impedances of the two circuits 


are identical. 

(b) Draw the circuits for the CE and CC configurations subject to the restriction 
that the input is open-circuited. Show that the output impedances of the two 
circuits are identical. 


For any single-transistor amplifier prove that 


hi 


R; = ——— 
1 —h,Ay 


Prove that 


AC Ry + Rio 
Rs - Reo 

where Ro = R; for Ry = ~,and R,;, = R; for Ry = 0. 
(a) For a CE configuration, what is the maximum value of &z for which I, 
differs by no more than 10 percent of its value at Rz = 0? Use the transistor 
parameters given in Table 8-2. 
(b) What is the maximum value of R, for which &, differs by no more than 
10 percent of its value for &, = 0? 


(c) For the CB configuration, what is the maximum value of Rz for which FR; 
does not exceed 50 2? 
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8-16 


8-17 


8-18 


8-20 


8-21 


8-22 


8-23 


Consider an emitter follower and show that as R,— © 
Lthy 1 
(a) Ryahie + an 
Explain the result physically. 
hiddoc 
(b) 1 Behe 
Evaluate Ay using the A-parameter values given in Table 8-2. 
For the emitter follower with 2, = 0.5 K and R, = 5 K, ealeulate Az, Ri, Av, 
Av. Ro. Assume hye = 50, hic = 1 K, Roe = 25 pA/V. 
(a) Design an emitter follower having R; = 500 K and R, = 20 2. Assume 
Age = 50, hig = 1 K, hoe = 25 pA/V. 
(b) Find A; and Ay for the emitter follower of part a. 
(c) Find #, and the necessary Ry so that Ay = 0.999. 
For the transistor circuit in Fig. 8-12 show that 
(a) (Ais) max = —Ay, if Ry =O and R, = ©. 
(b) R; = hi, if Ri =0. 


ORs Ash, = Ay . 


0 


(d) (Avs) max = 1 if Ry = ~ and R, = 0. 


eee. cae 
feta 
h, 
R, = fie =O, 
(e) eee Sha 


() R= pit R= 2. 


Using the h-parameter values given in Table 8-2, calculate (Ais) max, Ri, (Avs) max; 
and &, derived in Prob. 8-19 (a) for a CE connection, (b) for a CB connection, 
(c) for a CC connection. Compare your answers with the values in Fig. 8-16. 
Find the output impedance Z, for the example in Sec. 8-6 by evaluating the 
current Z, drawn from an auxiliary voltage source V. impressed across the output 
terminals (with zero input voltage and Ry = ©). Then Z, = Va/I«. 

Find the voltage gain Av for the example in Sec. 8-6 directly as the ratio V/V; 
(without finding A; or Z;). 

The transistor amplifier shown uses a transistor whose h parameters are given in 
Table 8-2. Calculate Ar = I./I;, Av, Ava Ro, and R;. 


Vee 


Prob. 8-23 
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8-24 (a) In the circuit shown, find the input impedance R; in terms of the CE A 
parameters, R, and R,. Hint: Follow the rules given in See. 8-10. 
(b) If Ri = R, = 1 Kand the h parameters are as given in Table 8-2, what is the 
value of R;? 


Prob. 8-24 


8-25 For the amplifier shown, using a transistor whose parameters are given in 
Table 8-2, compute Ar = I./1:, Av, Avs, and R;. Hunt: Follow the rules given 
in Sec. 8-10. 


0 —-Vee 


R,= 100K 


Prob. 8-25 


8-26 (a) Calculate R;, Ay, and Ar = —J./J; for thecircuitshown. Use the /-param- 
eter values given in Table 8-2. Hint: Follow the rules given in Sec. 8-10. 
(b) Repeat part a using the results in Prob. 8-10. 


° Voc 
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8-27 For the circuit shown, with the transistor parameters specified in Table 8-2, 
calculate A; = /, I;, Avy, Avs, and R;. Htnt: Follow the rules given in Sec. 
8-10. 


Prob. 8-27 


8-28 Repeat Prob. 8-24 by applying the dual of Miller’s theurem. 

8-29 (a) For the two-transistor amplifier circuit shown (supply voltages are not indi- 
cated) calculate A;, Av, Avs, and R;. The transistors are identical, and their 
parameters are given in Table 8-2. Hint: Follow rules given in See. 8-10. 
(0) Repeat part a using the results given in Prob. 8-9. 


Prob. 8-29 


8-30 (a) Find the voltage gain Ay. of the amplifier shown. Assume hie = 1,000 Q, 
Ira = 104, hye = 50, Aye = 10-4 A/V. (6) Find R’, 


oO ~ Voc 


Prob. 8-30 


8-31 The threc-stage amplifier shown contains identical transistors. Calculate the 
voltage gain of each stage and the overall voltage gain V./V,. See note on 
page 809. 
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Vee —VWbc 


50K 


5K c 


Prob, 8-31 


+ 
10K 100K Y 


~ Vee — 


= Vie a 
8-32 (a) For the two-stage cascade shown, compute the input and output impedances 
and the individual and overall voltage and current gains, using the exact pro- 
cedure of Sec. 8-12. See note on page 809. 
(b) Repeat part @ using the approximate formulas in Table 8-7. 


ie 


Prob, 8-32 


8-33 (a) Compute Aj, Av, Avs, Ri, and Ry for the two-stage cascade shown, using 
the exact procedure of Sec. 8-12. See note on page 809. 
(b) Repeat part a using the approximate formulas in Table 8-7. 


Prob. 8-33 
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8-34 For a CB connection derive the simplified expressions given in Table 8-7 and 
prove that they are in error by less than 10 percent from the exact formulas. 
8-35 (a) Consider a CB connection with R, = 2 K and R, = 4K. Find the exact 
and approximate values of Ay, Av, Ars, R:, and Rj. 
(6) Repeat part a for the CE connection. 
(c) Repeat part a for the CC connection. See note on page 809. 
8-36 For the circuit shown, compute dz, Ar, Avs, Rj, and Rj. See note on page 809. 


Prob. 8-36 


8-37 For the two-stage amplifier shown calculate Av, Avs, Ri, and Ri. Neglect the 
effect of all capacitances. See note on page 809. 


+ 


Prob, 8-37 


8-38 In the circuit of Prob. 8-27 change Ry to 4 K. Find Ay and Ay, by using 
Miller’s theorem. 

8-39 The cascode transistor configuration consists of a CE stage Q1 in series with a 
CB stage Q2 (the collector current of Q1 equals the emitter current of Q2). 
Verify that the cascode combination acts like a single CE transistor with negli- 


App. C PROBLEMS / 817 


gible internal feedback and very small output conductance for an open-circuited 
input. In other words, verify that 


Au * hie hn © Ryze hoo = Nov hyo = Irby 


Prob. 8-39 


8-40 Calculate A; = I./1;, Av, Ave, Ri, and Rj for the cascode circuit shown, See 
note on page 809. Hint: Use results of Prob. 8-39. 


200K 


Prob. 8-40 


8-41 The circuit shown is an amplifier using a p-n-p and an n-p-n transistor in parallel. 
The two transistors have identical characteristics. Find the expression for the 
voltage gain and the input resistance of the amplifier, using the simplified hybrid 
model. 
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Vee 


Prob, 8-41 


8-42 Tor the two-stage cascade shown, find A,, Av, Ri,and Rj. See noteon page 809. 


Vee 


Ry= 100K 


Prob, 8-42 


8-43 Design a two-stage cascade using the configuration of Prob. 8-42, with Ry = 
100 K, to meet the following specifications (see note on page 809): 


125 > Ay > 100 1WK>R>5K Ro<3kK 


8-44 For the two-stage cascade shown, calculate Az, Ay, Ri, and Rj. See note on 
page 809. 


Prob, 8-44 
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8-45 Design a two-stage amplifier using the configuration of Prob. 8-44, with Ry = 
100 K, to meet the following specifications (see note on page 809): 
|4vl/ 215 R>2K RX 1002 


8-46 For the circuit shown, find the voltage gain V,‘V, and input impedance as a 
function of R,, b, Re, and Ri. Assume that ho(R,-+ Rr) < 0.1. 


Prob. 8-46 


8-47 Using the exact expressions of Eq. (8-67) for A; and Eq. (8-68) for R;, calculate 
the output resistance R, in Fig. 8-28 as the ratio of open-circuit voltage V to 
short-circuit current 7. Verify that R, is given by Eq. (8-70). Hint: Note 
that V = lim AvV,. 


Rive 
8-48 The amplifier shown is made up of an n-p-n and a p-n-p transistor. The h 
parameters of the two transistors are identical, and are given as h,, = 1 K, 
hr. = 100, hoe = 0, and hy, = 0. 
(a) With the switch open, find Ay = V,/V:. 
(b) With the switch closed, find (with the aid of Miller’s theorem) Ay, Avs, Ri, 
and A; = —I,/T;. 


Prob. 8-48 
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8-49 The cascade configuration shown is known as the tandem emitter follower. Find 
the input resistance R; if ki, = Are = hoe = 0, and Ay, is the same for each of the 
transistors Q1 to QN. 


Voc 
gl 
i eee g Prob, 8-49 
Ri Qn 
R 
Pe es 


8-50 (a) Verify Eq. (8-80) for the voltage gain of a Darlington emitter follower. 
(b) Verify Eq. (8-81) for thé output resistance. 

8-51 Verify Eq. (8-84). 

8-52 For the bootstrap circuit shown, calculate Ar = /./7;, Ri, and Ay. The tran- 
sistor parameters are hj. = 2 K, hy, = 100, 1/hoe = 40 K, and Aye = 2.5 X 1074. 


Prob, 8-52 


° 


8-53 The bootstrapped Darlington pair uses identical transistors with the following 4 
parameters; hic = 1 K, hye = 2.5 X 1074, hoc = 2.5 X 107° A, V, and hy, = 100. 
Find Je1,Tm, Voo/Vi, Ri, and Vor/V;. 
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Veco= 24V 


Prob, 8-53 


8-54 Calculate Ay, Ar, R;, and Rj for the circuit shown. Sce note on page 809. 


© Veo = 20V 


Prob. 8-54 


8-55 Calculate R; and Ay for the circuit shown in Fig. 8-32, with R,, = 100 K and 


Ry = 1 K. 
8-56 For the circuit shown, find Ay, Avs, Ar = Io/1i, Ri, and Ri. See note on 
page 809. 
° Veo 
2= 100K 


Prob. 8-56 
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CHAPTER 9 


9-1 


9-2 


9-4 


9-5 


(a) Determine the quiescent currents and the collector-to-emitter voltage for a 
silicon transistor with 6 = 50 in the self-biasing arrangement of Fig. 9-5. The 
cireuit component values are Vec = 20 V, Re = 2 K, Rk, = 0.1 K, Ry = 100 K, 
and R, = 5K. 

(6) Repeat (a) for a germanium transistor. 

A p-n-p germanium transistor is used in the self-biasing arrangement of Fig. 9-5. 
The circuit component values are Veo = 4.5. V, R, = 1.5 K, R, = 0.27 K, Rp = 
2.7 K, and R, = 27 K. Ef 6 = 44 

(a) Find the quiescent point. 

(b) Recalculate these values if the base-spreading resistance of 690 Q is taken 
into account. 

A p-r-p silicon transistor is used in a common-collector circuit (Fig. 9-5 with 
FE. = 0). The circuit component values are Veg = 3.0 V,R=1K, Ri = Rh, = 
5K. If 8 = 44 

(a) Find the quiescent point. 


_ (6) Recalculate these values, taking the base-spreading resistance of 690 2 into 


account. 

For the circuit shown 

(a) Calculate Zz, Ic, and Vez if a silicon transistor is used with 8 = 50. 
(b) Specify a value for R, so that Vex = 7 V. 


or Yeg=10V Prob. 9-4 


a 


(a) Verify Eq. (9-13). 
(b) Show that S may be put in the form 


G+at+G, 


G./1 +8) +G,+4, 


where the G’s are the conductances corresponding to the R’s shown in Fig, 9-5a. 
(c) Show that for the circuit of Prob. 9-4, $ is given by 
1+ BR/(Re + By) 


App. € 


9-6 


9-8 


- 9-9 


9-10 


9-11 


PROBLEMS / 823 


(a) Find the stability factor S for the circuit of Prob. 9-1. 

(b) Repeat (a) for the circuit of Prob. 9-2. 

(c) Repeat (a) for the circuit of Prob. 9-3. 

For the two-battery transistor circuit shown, prove that the stabilization factor 
S is given by 


_ 1+8 
1+ BR,/(R, + Ry) 


Prob. 9-7 


Assume that a silicon transistor with B = 50, Vaz sctive = 0.7, Veo = 22.5 V, 
and &. = 5.6 K is used in Fig. 9-5a. It is desired to establish a Q point at 
Vez = 12 V, Ic = 1.5 mA, and stability factor S < 3. Find &,, Ri, and R2. 
(a) A germanium transistor is used in the self-biasing arrangement of Fig. 9-5 
with Vee = 16 V and R, = 1.5 K. The quiescent point is chosen to be Vez = 
8 Vand Jc =4mA. A stability factor § = 12 is desired. If 8 = 50, find Ry, 
R., and R,. 

(b) Repeat part a for S = 3. 

Determine the stability factor S for the circuit shown. 


9 Vee 


Prob, 9-10 


R 
2 SR 


In the circuit shown, Vec = 24 V, Re = 10 K, and R, = 270 9%. If a silicon 
transistor is used with 8 = 45 and if under quiescent conditions Vcz = 5 V, 
determine (a) R, (6) the stability factor S. 
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o—] Prob. 9-11 


9-12 In the transformer-coupled amplifier stage shown, Vgz = 0.7 V, 8 = 50, and 
the quiescent voltage is Vce =4V. Determine (a) R,, (6) the stability factor S. 


+12V 


R,= 4.3K 


Prob, 9-12 


9-13 In the two-stage circuit shown, assume 8 = 100 for each transistor. 


(a) Determine # so that the quiescent conditions are Ver: = —4 V and Ver = 
—6V. 
(6) Explain how quiescent-point stabilization is obtained. Assume Vase = 
0.2 V. 


Prob. 9-13 


App. C PROBLEMS / 825 


9-14 In the Darlington stage shown, Vee = 24 V, Bi = 24, By = 39, Vex = 0.7, 
R, = 330 Q, and R, = 1209. If at the quiescent point Vers = 6 V, determine 
(a) R, (b) the stability factor defined as S = @[c¢/dl cou. 


R 
Prob, 9-14 vio 


9-15 (a) Prove that for the circuit of Fig. 9-56 the stability factor S’ is given by 
-S 
_ oS yy Be 
R+Rk Bt+1 
(b) Derive Eq. (9-22). 
9-16 For the bias arrangement given in Prob. 9-4 prove that 


, 


—BS x ] 
1+B Re+ PR 
Ie 8 


= — x a 
B B+1 
where S is the stabilization factor of this circuit. 
9-17 If in Eq. (9-11) we do not assume B > 1 so that V’ is now a function of B, verify 
that Eq. (9-22) is given by 
gua (Ue — Ico)8 
BQ + B) 


9-18 If in Eq. (9-11) we do not assume 8B > 1, so that V’ is now a function of 8, verify 
. that Eq. (9-27) is given by 


gt 


_ (er = Teoi)Se 
(NG + Be) 


Hint: Write the expression for (Ic¢2 — Ieo2)/(Ie: — coi) and then subtract 
unity from both sides of the equation. 


nt 
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9-19 


9-20 
9-21 


9-22 


9-23 


9-24 


9-25 


9-26 


9-28 


In the circuit of Fig. 9-5, let R. = 5.6 K, R, = 1 K, RB, = 90 K, Ry =10 K, 
Ic = 1.5 mA at 25°C. Using the transistor of Table 9-1, find 7g at +175 and 
— 65°C. 

Repeat Prob. 9-19 for the transistor of Table 9-2 at +75 and —65°C. 

In the emitter-follower circuit shown, R, = 1 K and Vee and Veg are adjusted 
to give Ic = 1.5 mA at 25°C. Using the transistor of Table 9-1, find J¢ at 
+175 and —65°C, Compare the results with those of Prob. 9-19. 


Vee 


Prob. 9-21 


Repeat Prob. 9-21 for the transistor of Table 9-2 at +75 and —65°C. Compare 
these results with those of Prob. 9-20. 

For the self-bias circuit of Fig. 9-5a, R. = 1 K and R, = R,||Re = 7.75 K. The 
collector supply voltage and R, are adjusted to establish a collector current of 
1.5 mA at 25°C. Determine the variation of J¢ in the temperature range 
—65 to +175°C when the silicon transistor of Table 9-1 is used. 

Repeat Prob. 9-23 for the range —65 to +75°C when the germanium transistor 
of Table 9-2 is used. 

Design the emitter-follower cireuit shown in Prob. 9-21 using the silicon tran- 
sistor type 2N3565 to meet the specifications of the illustrative example on 
page 298. 

Two identical silicon transistors with 8 = 48, Var = 0.7 Vat T = 25°C, Veo = 
20.7 V, Ry = 10 K, and R, = 5 K are used in Fig. 9-1la. 

(a) Find the currents 71, Ino, Ic1, and Ieg at T = 25°C. 

(6) Find Ic, at T = 175°C when 6 = 98 and Vas =0.3 V. Hiner: Assume 
Tay a Ino. 

For the biasing arrangement of Fig. 9-10 and assuming that the reverse saturation 
currents of the diode and the transistor are equal, prove that 


os 1 
B 
Sev 
g” = AU¢ — Ico} — fa — Tea 
AB Bi 


(a) For the self-bias circuit of Fig. 9-9, the operating point is /¢ = 1.5 mA at 25°C, 
R. = 1K, Ry = 7.75 K, Von = 15 V, and Vo,on = 0.7 V, find the maximum 
value of Rg for proper operation. 
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9-29 
9-30 


(b) For the circuit of part a determine the variation of Z¢ in the temperature 
range —65 for 175°C when the silicon transistor of Table 9-1 is used. 

Prove Eq. (9-38). 

(a) The circuit of Prob. 9-19 is modified by the addition of a thermistor as in 
Fig. 9-12. Find Rr, Ir, and Vce for the modified circuit if Ze = 1.5 mA and 
Veco = 27.5 V. 

(b) It is desired that as the temperature changes from 25 to 175°, the varia- 
tion of Ic be +0.4 mA. Calculate the temperature coefficient of the thermistor. 


9-31 (a) Calculate the thermal resistance for the 2N338 transistor for which the 
manufacturer specifies Pco,max = 125 mW at 25°C free-air temperature and 
maximum junction temperature Tj = 150°C. 

(b) What is the junction temperature if the collector dissipation is 75 mW? 

9-32 Show that the load line tangent to the constant-power-dissipation hyperbola 
of Fig. 9-14 is bisected by the tangency point, that is, AC = BC. 

9-33. The transistor used in the circuit is at cutoff. 

(a) Show that runaway will occur for values of Ico in the range 
Veco ~ WVec? — 8R-/0.070 Veo + V Veo? — 8R-/0.070 
< Teo < 
4k. 4k. 
(b) Show that if runaway 1s not destructive, the collector current I¢o after 
runaway can never exceed Ico = Vec/2R. 
Vee 
Prob. 9-33 
=-1V 
9-34 A germanium transistor with 0 = 250°C/W, Ico = 10 pA at 25°C, R, = 7 K, 
and Vee = 30 V is used in the circuit of Prob. 9-33. 
(a) Find Ico at the point of runaway. 
(6) Find the ambient temperature at which runaway will occur. 
CHAPTER 10 
10-1 The drain resistance Rz of an n-channel FET with the source grounded is 2 K. 


The FET is operating at a quiescent point Vos = 10 V, and Ing = 3 mA, and 
its characteristics are given in Fig. 10-3. 

(a) To what value must the gate voltage be changed if the drain current is to 
change to 5 mA? 


828 / INTEGRATED ELECTRONICS App. C 


10-2 


10-3 


10-4 


10-5 


10-6 


10-8 


10-9 


10-10 


(b) To what value must the drain voltage be changed if the drain current is 
to be brought back to its previous value? The gate voltage is maintained con- 
stant at the value found in part a. 

For a p-channel silicon FET with @ = 2 X 10-4 cm and channel resistivity 
p = 10 Q-cm 

(a) Find the pinch-off voltage. 

(6) Repeat (a) for a p-channel germanium FET with p = 2 Q-em. 

(a) Plot the transfer characteristic curve of an FET as given by Eq. (10-8), 
with Ipss = 10 mA and Vp =-4 Vv. 

(b) The magnitude of the slope of this curve at Ves = 0 is gmo and is given by 
Eq. (10-17). If the slope is extended as a tangent, show that it intersects the 
Vas axis at the point Ves = Vp/2. 

(2) Show that the transconductance g,, of a JFET is related to the drain cur- 
rent Ips by 


In = Wa WV Ipsslps 

(b) If Vp = —4 V and Inss = 4 mA, plot gn versus Ips. 
Show that for small values of Ves compared with V>, the drain current is given 
approximately by In ~ Inss + Qmo Vos. 

(a) For the FET whose characteristics are plotted in Fig. 10-3, determine rg 
and gm graphically at the quiescent point Vos = 10 V and Ves = —1.5 V. 
Also evaluate p. 

(b) Determine re,on for Ves = 0. 

(a) Verify Eq. (10-15). 

(0) Starting with the definitions of g,, and ra, show that if two identical FETs 
are connected in parallel, gm is doubled and rg is halved. Since p = Ta§m, then 


u remains unchanged. 
(c) If the two FETs are not identical, show that 


Tee 1 
Ta Tdi Tae 
and that 


_ HiTa2 “+ Morar 
tar + Tae 


Given the transfer characteristic of an FET, explain clearly how to determine 
gm at a specified quiescent point. 


(a) Using Eq. (10-18), prove that the load conductance of a MOSFET is given 
by 


meg l Vos whet ge = 2Ipss 
L = Yao Sek do = 
Ve [Vo 


(6) Prove that gz = gm fora JFET. Hunt: Use Eq. (10-8). 
Draw the circuit of 2 MOSFET negative anp gate and explain its operation. 


App. C 


10-11 


10-12 
10-13 
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Consider the FLIP-rLop circuit shown. Assume Vr = Voy = 0 and |Voo| > 


Vr. 
(a) Assume va = v2 = 0. Verify that the circuit has two possible stable 
states; either #1 = 0 and a2 = —Vop or ta = —Vop and 2 = 0. 


(b) Show that the state of the ruip-rLop may be changed by momentarily 
allowing one of the inputs to go to — Von; in other words by applying a negative 
input pulse. 


Q5 | Qs 


Prob. 10-11 Yor o2 


Draw a CMOS inverter using positive logic. 
(a) The complementary MOS negative NAND gate is indieated. Explain its 


operation. 
(6) Draw the corresponding positive NAND gate. 


v,o—1—" as p—l|" a 


Prob. 10-13 —|[re 


it 
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10-14 The circuit of a CMOS positive Nor gate is indicated, Explain its operation. 


v, (@ : Prob. 10-14 


oI 
ow 


10-15 Draw a MOSFET circuit satisfying the logic equation. Y = A + BC, where 
Y is the output corresponding to the three inputs A, B, and C. 

10-16 (a) Calculate the voltage gain Avy = V,/V; at 1 kHa for the circuit shown. 
The FET parameters are g, = 2mA/V andr, = 10 K. Neglect capacitances. 
(0) Repeat part a if the capacitance 0.003 uF is taken under consideration. 


Von 


+ — Prob. 10-16 


10-17 If an input signal V; is impressed between gate and ground, find the amplifica- 
tion Ay = V,’V,. Apply Miller’s theorem to the 50-K resistor. The FET 
parameters are w = 30 andry = 5 K. Neglect capacitances. 


Von 
10K 
50K % 
AAG —o 
Prob. 10-17 
Ss 


— Vee = 
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10-18 If in Prob. 10-17 the signal V; is impressed in series with the 40-K resistor 
(instead of from gate to ground), find Ay = V,,/’V;. 

10-19 The circuit shown is called common-gate amplifier. For this circuit find (a) 
the voltage gain, (6) the input impedance, (c) the output impedance. Power 
supplies are omitted for simplicity. Neglect capacitances. 


: R, Ss D R, 
WN ow 
+ 
Us u, 
Be 
R R 


Prob. 10-19 


fi o 


10-20 Find an expression for the signal voltage across Ry. The two FETs are iden- 
tical, with parameters w, rz, and gn. Hinr: Use the equivalent circuits in 
Fig. 10-22 at Sp and D,. 


Prob. 10-20 Prob. 10-21 


10-21 Each FET shown has the parameters rg = 10 K and g, = 2 mA/V. Using 
the equivalent circuits in Fig. 10-22 at S, and D,, find the gain (a) o/s, if 
ve = 0, (6) v0) ve if vy = 0. 

10-22 (a) Prove that the magnitude of the sigual current is the same in both FETs 
provided that 


1 2Ri 
Gm td 
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Neglect the reactance of the capacitors. 
(0) If r is chosen as in part a, prove that the voltage gain is given by 
Piet ope ae 
B +1 Ri ate raf2 


Prob, 10-22 


10-23 (a) If Ri = R, = R and the two FETs have identical parameters, verify that 
the voltage amplification is V./V. = —p/2and the output impedance is $[rg + 


(uw + 1)R). 
(6) Given ra = 62 K, » = 10, Ri = 2 K, and R, =1 K, Find the voltage 


gain and the output impedance. 


Yop 


Prob. 10-23 
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10-24 (a) If in the amplifier stage shown the positive supply voltage Voy changes 
by AVnp = ¥a, how much does the drain-to-ground voltage change? 
(b) How much does the source-to-ground voltage change under the conditions 
in part a? 
(c) Repeat parts a and b if Vpp is constant but Vss changes by AV ss = 2. 


Vop 
Ra 
D 
Prob. 10-24 G 
: Ss 
@) 
zs R, 
+ = 


10-25 If in the circuit shown V2 = 0, then this circuit becomes a source-coupled 
phase inverter, since V.1 = —Voo. Solve for the current J; by drawing the 
equivalent circuit, looking into the source of Q1 (Fig. 10-22). Then replace 
Q2 by the equivalent circuit, looking into its drain. The source resistance R, 
may be taken as arbitrarily large. 


Prob. 10-25 


10-26 In the circuit of Prob. 10-25, assume that V2 = 0, Ry = ra = 10 K, Re = 1K, 
and p = 19. If the output is taken from the drain of Q2, find (a) the voltage 
gain, (b) the output impedance. Hunt: Use the equivalent circuits in Fig. 
10-22. 

10-27 In the circuit of Prob. 10-25, V2 Vi, Ra = 30 K, BR, = 2 K, » = 19, and 
ry = 10 K. Find (a) the voltage gains A; and A; defined by Vi2 = Avi + 
AoVo. Hunt: Use the equivalent circuits in Fig. 10-22. (b) If Rais arbitrarily 
large, show that A; = — Aj. Note that the circuit now behaves as a difference 
amplifier. 
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10-28 The CS amplifier stage shown in Fig. 10-23 has the following parameters: 
Ra = 12K, R, = 1M, R, = 4702, Von = 30 V, C, is arbitrarily large, Ipss = 
3 mA, Vp = —24 V, and ra>> Ra. Determine (a) the gate-to-source bias 
voltage Ves, (b) the drain current Zp, (c) the quiescent voltage Vps, (d) the 
smnall-signal voltage gain Ay. 

10-29 The amplifier stage shown uses an n-channel FET having Joss = 1 mA, Vp = 
—1V. If the quiescent drain-to-ground voltage is 10 V, find Ry. 


+24V 


56K 


Prob. 10-29 


10-30 The FET shown has the following parameters: Ipss = 5.6 mA and Vp = —4V. 
(a) Ifo; = 0, find »,. 
(6) If v; = 10 V, find »,. 
(c) If vp = 0, find »;. 
Nore: » and v, are constant voltages (and not small-signal voltages). 


-60V 


18K 


Prob, 10-30 Prob. 10-31 


10-31 Tf [Zoss| = 4 mA, Vp = 4 V, calculate the quiescent values of Jp, Ves, and 


DS» 
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10-32 In the figure shown, two extreme transfer characteristics are indicated. The 
values of Vp max and Vp, ai, are difficult to determine accurately. Hence these 
values are calculated from the experimental values of Inss,max; [D8S,miny Gm,moxy 
and Ym,mine Note that gn is the slope of the transfer curve and that both gm,iax 
and Qmmin are measured at a drain current corresponding to Ipss,min. Verify 


that 
(@) Vejmax = — a (oss,moxlps8,min)? 
Tous min 
(8) Vein = — ———— 
: Dries 


(c) If fora given FET, Joss.min = 2 MA, I ys5,man = 6 MA, Ymmin = 1.5 mA’V, 
and gm,max = 3 mA/V, evaluate Vena, and Vp min. 


-In 


— Ings (max) 


Prob. 10-32 


—Ipss (min) 


Slope = Slope = g,, (min) 


&m (max) 


0 Vp (min) VYe(max) Ves 
- 10-33 The drain current in milliamperes of the enhancement-type MOSFET shown 
is given by 
Ip = 0.2(Ves — Vp)? 


in the region Vos > Ves — Ve. If Vp = +8 V, calculate the quiescent values 
Tp, Vos, and Vos. 


+30V 


10K 


Prob. 10-33 
ice) 6. —}} 


1M 
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10-34 Show that if Rr<<1/hosz, the voltage gain of the hybrid cascode amplifier 
stage shown is given to a very good approximation by 


Ay = Gmbh jyEn 


where g» is the FET transconductance. 


Prob, 10-34 


10-35 Ifhie<< Ra, hie ra, hye >> 1, and 4 >> 1 for the circuit, show that 


o maby eles A mhjze(Ra + Re 
(Gag = ee See, Ae he 

v4 «1+ gmhyRs 0; 1+ gmhs Re 
where gn is the FET transconductance. 


Von 9 


Prob, 10-35 


10-36 If re>> Bi, Re>> Riva, 1/hoe2 >> Riva, R’>> Ra, and 1/his3 >> Rs, show that the 
voltage gain at low frequencies is given by 


- RyRy 
Ay =—=9,(1 + h e' h 
0; Gra sea) has By + dies + Avs(1 + hse) 
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Prob. 10-36 


10-37 In the circuit shown, the FET is used as an adjustable impedance element by 
varying the de bias, and thereby the g, of the FET. 
(a) Assume that there is a generator V between the terminals A and B. Draw 
the equivalent circuit. Neglect interelectrode capacitances. 


= 
Prob. 10-37 


H-—+—}—0a 


(6) Show that the input admittance between A and B is 
Y; = Yet (+908) Yer 


where Y, is the admittance corresponding to re, and Yer is the admittance 
corresponding to R and C in series. 
(c) If 9, >> 1, show that the effective input capacitance is 


pet pews 
"wl + a?) 
and the effective input resistance is 
nes (L + @)re 
"1 +a%(1 + 2) 


where a = wR. 
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10-38 
10-39 


10-40 


10-41 


10-42 


10-43 
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(d) At a given frequency, show that the maximum value of C; (as either C or R 
is varied) is obtained when @ = 1, and 


Gm 
Ci)max = 2 
(Cx) oo 


Also show that the value of R; corresponding to this C; is 


2ra 
2+ p 


(Bi)inax = 


which, for 4 >> 2, reduced to (Bz)max = 2/'Gm- 

Solve Prob. 10-87 if the capacitance C is replaced by an inductance L. 

(a) A MOSFET connected in the CS configuration works into a 100-K resistive 
load. Calculate the complex voltage gain and the input admittance of the 
system for frequencies of 100 and 100,000 Hz. ‘Take the interelectrode capaci- 
tances into consideration. The MOSFET parameters are p = 100, 72 = 40 K, 
9m = 2.5mAV, C,, = 4.0 pF, Cas = 0.6 F, and Cya = 2.4 pF. Compare these 
results with those obtained when the interelectrode capacitances are neglected. 
(b) Calculate the input resistance and capacitance. 

Calculate the input admittance of an FET at 10% and 106 Hz when the total 
drain circuit impedance is (a) a resistance of 50 K, (0) a capacitive reactance of 
50 K at each frequency. Take the interelectrode capacitances into considera- 
tion. The FET parameters are » = 20, rg = 10 K, gm = 2.0 mA/V, Cy. = 
3.0 pF, Cas = 1.0 pF, and Cyg = 2.0 pF. Express the results in terms of the 
input resistance and capacitance. 

(a) Starting with the circuit model of Fig. 10-31, verify Eq. (10-37) for the 
voltage gain of the source follower, taking interelectrode capacitances into 
account. 

(b) Verify Eq. (10-39) for the input admittance. 

(c) Verifs: Eq. (10-40) for the output admittance. 

Hint: For part c, set V; = 0 and impress an external voltage V, from S to N; 
the current drawn from V, divided by V, is Y,. 

Starting with the circuit model of Fig. 10-8, show that, for the C@ amplifier 
stage with R, = 0 and Ca, = 0, : 

(gm + ga) Ra 
1+ Raga + jwCya) 
(c) Repeat (a), taking the source resistance R, into account. 

(d) Repeat (b), taking the source resistance R, into account. 

(a) For the source follower with g, = 2 mA/V, R, = 100 K, rg = 50 K, and 
with each internode capacitance 3 pF, find the frequency at which the reactive 
component of the output admittance equals the resistive component, 

(d) At the frequency found in part a calculate the gain and compare it with the 
low-frequency value. , 


(a) Ay = 


(0) ¥i = gm + ga(l — Av) + joCey 
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CHAPTER 11 


11-1 Show that at low frequencies the hybrid-II model with r,. and r., taken as 
infinite reduces to the approximate CE h-parameter model. 

11-2 (a) Consider the hybrid-II circuit at low-frequencies, so that C, and C, may 
be neglected. Omit none of the other elements in the circuit. If the load 
resistance is Rz = 1/gx, prove that 


— Veo _ Gm + Gore 
Vere Gore + Yee + Gx 


Hint: Use the theorem that the voltage between C and F equals the short- 
circuit current times the impedance seen between C and £, with the input 
voltage V;-. shorted [Eq. (8-36)]. 

(b) Using Miller’s theorem, draw the equivalent circuit between C and E. 
Applying KCL to this network, show that the above value of. K is obtained. 
(c) Using Miller’s theorem, draw the equivalent circuit between B and E£. 
Prove that the current gain under load is 


= gL 
Gore sb gore) /K — Gore 


(d) Using the results of parts a and c and the relationships between the hybrid-II 
and the h parameters, prove that 


hye 


‘Ae, — a 
i 1+ h,,Rx 


which is the result [Eq. (8-18)] obtained directly from the low-frequency 
h-parameter model. Hint: Neglect gy. compared with gm or te in A; and 
in K. Justify these approximations. 


11-3 The following low-frequency parameters are known for a given transistor at 
Ie = 10 mA, Vez = 10 V, and at room temperature. 


hte = 500% — hye = 10-8 A/V 
hye = 100 Ie = 10-4 


At the same operating point, fr = 50 nae and C., = 3 pF, compute the values 
of all the hybrid-II parameters. 


11-4 Given the following transistor measurements made at Ic = 5mA, Vez = 10 V, 
and at room temperature: 


hips = 100 hie = 600 2 
[Av] = 10at10MHz C.=3pF 


Hl 


Find fa, Sr, C,, Pores and Typ. 
11-5 A silicon p-n-p transistor has an fr = 400 MHz. What is the base thickness? 
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11-6 


11-7 


Given a germanium p-n-p transistor whose base width is 10-4 em. At room 
temperature and for a de emitter current of 2 mA, find (a) the emitter diffusion 
capacitance, (0) fr. 

(a) At low frequencies the CE current gain § is related to the CB current 
gain a by 


__B 
Aes 
1+8 
Assuming that this relationship remains valid at high frequencies and using 
p= -A,-—* 
1 + 9(f/fs) 
show that a is given by 
Qo 
aie 
1+3(f fa) 
where 
hye fe 
= — and ———— 
T+ Me oars 


(b) Using the results of part a, verify that, for a, ~ 1, fa © Salve 
(c) Verify that 


(to ea 
Laat ile 


(d) To account for “excess phase” replace a, by ae ima, Prove that fr, 
the frequency at which |A;| = 1, is given implicitly by 


A; 


1 +2? = 2a,(cos mez — x sin mz) 


where x = fr/fa- 
(e) If mx <1, expand the trigonometric functions and prove that 


= ofa 
~ [Ll + 2a,(m + m?/2)}3 


() Ifa, = 1 and m = 0.2, show that fr = fa/1.2. 


fr 


(a) Redraw the CE hybrid-II equivalent circuit with the base as the common 
terminal and the output terminals, collector and base, short-circuited. Taking 
account of typical values of the transistor parameters, show that Cc, ry, and 
Tee may be neglected. 

(6) Using the circuit in part a, prove that the CB short-circuit current gain is 


As Gm _ 
OT gue + Om + jC. 1 +l Tn 
where 
hy = bre and fa gm Ip 


l+ahy ~ Ona, 1— a 


App. C PROBLEMS / 84] 


11-9 The hybrid-II parameters of the transistor used in the circuit, shown are given 
in Sec. 11-1. Using Miller’s theorem and the approximate analysis, compute 
(a) The upper 3-dB frequency of the current gain A; = I,/T;. 
(0) The magnitude of the voltage gain Av, = V., V, at the frequency of part a. 


Prob, 11-9 


11-10 Consider a single-stage CE transistor amplifier with the load resistor Ri shunted 
by a capacitance Cr. 
(a) Prove that the internal voltage gain K = Ve/Vor, is 


Kx — gmRt 
1+ jo(C. + C1) Ri 


(6) Prove that the 3-dB frequency is given by 


1 
~ In(C, + C1) Rt 


ty 


provided that the following condition is satisfied: 
go Ri(C. + Cr) > Ce + Ce(1 + Gnler) 


11-11 For a single-stage CE transistor amplifier whose hybrid-II parameters have the 
average values given in Sec. 11-1, what value of source resistance R, will give 
a 3-d} frequency fx which is (a) half the value for R, = 0, (b) twice the value 
for R, = ©? Do these values of &, depend upon the magnitude of the load 
Rr? Use Miller’s theorem and the approximate analysis. 

11-12. A single-stage CE amplifier is measured to have a voltage-gain bandwidth fx 
of 5 MHz with Br = 500 Q. Assume hs. = 100, gm = 100 mA, ‘V, rr = 100 Q, 
Ce = 1 pF, and fr = 400 MHz. 

(2) Find the value of the source resistance that will give the required bandwidth. 
(0) With the value of &, found in part a, find the midband voltage gain V,/V;. 
Hint: Use the approximate analysis. 

11-13. The hybrid-II parameters of the transistor used in the circuit shown are given 
in Sec. 11-1. The input to the amplifier is an abrupt current step 0.2 mA in 
magnitude. Find the output voltage as a function of time (a) if C, = 0. 
Neglect the output time constant. (0) 1fC. = 0.1uF. Neglect the input time 
constant. 
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11-14 (a) Verify the nodal equations for the single-stage CE amplifier of Sec. 11-8. 
(b) Obtain Eq. (11-37) for the voltage gain V,/Vs. 

11-15 (a) Verify the values of 1, s., 81, and s2 given in Sec. 11-8 for the CE stage of 
Fig. 11-10: 
(b) Evaluate the gain at zero frequency. 
(c) Evaluate the magnitude of the gain at 2 MHz and check with Fig. 11-11. 
(d) Evaluate the phase of the gain at 2 MHz and check with Fig. 11-11. 


11-16 (a) From the circuit of Fig. 11-12 (and not assuming that |K|>> 1), prove that 


K= —gmPRy + joCR, 
1 + joC Br 


Why may the term jwC.Az be neglected in the numerator but not in the 
denominator? 
(b) The Miller admittance in the output circuit is given by 


Yo = jo. (: = z) 
K 


Prove that this represents a capacitance C, in parallel with a resistance R, 
given by 


1+ Gnlty RS —Jm 
gmk, °  w?C,? 


C, = C. 


Note that R, is negative. ; 
(c) Evaluate C, and R, at the 3-d]3 frequency of 3.0 MHz and verify that the 
effective output time colstant remains R,C, (approximately). Assume gn = 
50 mA/V, Rr = 2K, C, = 100 pF, and C, = 3 pF. 

11-17. Verify Eq. (11-54). 

11-18 (a) Verify the nodal equatious in Sec. 11-10 for the emitter follower. 
(6) Find the gain ’./V, as a function of s. 

11-19 Delete all capacitors from the emitter-follower equivalent circuit of Fig. 11-146. 
Find (a) the input impedance and (0) the output impedance and (c) show that 
these results are consistent with the low-frequency equivalent circuits of Fig. 
8-25. 
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(a) For the emitter follower of Fig. 11-14 at high frequencies, obtain K = Vis Va 
and (with g = gm + gore) verify that 


gRt 1 + jo(Co,’9) 


= pasghe cof Cue C 
1 — | 
+ia0( ete L 


(b) If gRz >> 1 and C_> C., show that 


1 
K = ————- 
1+ if/fa 


where 


K 


aA g _ 1 gm + gure 
Qa Ccr.+cC, ali t+C. 


tu 


CHAPTER 12 


12-1 


(a) To show the effect of phase shift on the image seen on a cathode-ray screen, 
consider the following example: The sinusoidal voltages applied to both sets of 
plates should be equal in phase and magnitude so that the maximum displace- 
ment in either direction on the screen is 2 in. Because of frequency distortion 
in the horizontal amplifier, the phase of the horizontal voltage is shifted 5° 
but the magnitude is changed inappreciably. Plot to scale the image that 
actually appears on the screen, and compare with the image that would be seen 
if there were no phase shift. 

(b) If the phase shift in both amplifiers were the same, what would be seen on 
the cathode-ray screen? 


The input to an amplifier consists of a voltage made up of a, fundamental signal 
and a second-harmonic signal of half the magnitude and in phase with the 
fundamental. Plot the resultant. 

The output consists of the same magnitude of each component, but with 
the second harmonic shifted 90° (on the fundamental scale). This corresponds 
to perfect frequency response but bad phase-shift response. Plot the output 
and compare it with the input waveshape. 

The bandwidth of an amplifier extends from 20 Hz to 20 kHz. Find the fre- 
quency range over which the voltage gain is down less than 1 dB from its mid- 
band value. Assume that the low- and high-frequency response is given by 
Eqs. (12-1) and (12-5) multiplied by a constant Ayo. 

Prove that over the range of frequencies from 10fz to 0.1fz the voltage amplifica- 
tion is constant to within 0.5 percent and the phase shift to within +0.1 rad. 
Make the same assumption as in Prob. 12-3. , 

(a) Show that the Bode magnitude plot for a two-pole transfer function is 
equal to the sum of the magnitude plots of each pole considered separately. 
(b) Repeat part a for the Bode phase plot. 

Sketch the idealized Bode amplitude and phase plots for a transfer function 
with one zero f, and one pole f, if (a) fp < fz and (b) fp > f. 
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12-7 Consider a transfer characteristic with two poles such that Joa = 4fpr. 

(a) Plot the idealized and true Bode magnitude curves. Obtain the actual 
3-dB frequency graphically. 
(6) Plot the idealized and true Bode phase curves. 

12-8 Repeat Prob. 12-7 for poles at fy2 = 2fnr. 

12-9 Consider the transfer function given in Eq. (12-1) which has one pole and a zero 
at f=0. Draw the piecewise linear Bode plots for the pole, the zero, and the 
resultant for (a) amplitude, (6) phase. 

12-10 An ideal 1-ys pulse is fed into an amplifier. Plot the output if the bandpass is 
(a) 10 MHz, (4) 1.0 MHz, (c) 0.1 MHz. Assume f, = 0 and a single-pole 
amplifier. 

12-11 (a) Prove that the response of a two-stage (identieal and nouinteracting) low- 
pass amplifier to a unit step is 


v = Aol — (1 + ze] 


where A, is the midband voltage gain and x = t/RC. 
(0) For ¢ « RC, show that the output varies quadratically with time. 

12-12 In Prob. 12-11, let the upper 3-dB frequency of a single stage be fy and the 
rise time of the two stages in cascade be t,. Show that File © 053. 

12-13. (a) For the transistor CE stage shown with L ‘ho, #2 ©, calculate the percentage 
tilt in the output if the input current J is a 100-Hz square wave. 
(6) What is the lowest-frequency square wave which will suffer less than | per- 
cent tilt? 


C, Prob, 12-13 


12-14 Consider a transfer function with n poles and & zeros. Assume that all the 
zeros occur at much higher frequencies than the poles. Verify that the 3-dB 
frequency is given by Eq. (12-25). 


12-15 The transfer function V., V. of an amplifier has m poles s,, 8, ..., 8, and 
ke zeros $21, S22, . . . , Sx, a8 follows: : 
Ve _ K(s — 8) (s — 52) + + + (8 — 84) 


Vs (s ~— s1)(8 ~ &) > + - (s —s8,) 
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12-18 


12-19 


12-20 


PROBLEMS / 845 


If the zeros are of much higher frequencies than the poles, show that 
(a) An approximate expression for the high 3-dB frequency f¥ is given by 


I 11 1 
_ = onal, + a, + soe + ea 
fh fe fi? Sn 


(6) An expression which gives a more accurate result is 


Jia? oe ee 
fir 
Verify this, using Eq. (12-26) for the case of 

(i) Two identieal poles fi = fo. 

Gi) Three ideutical poles fi = fo = fs. 
Show that the error is within LO percent. 
Consider a transfer function with poles at 1 MHz and 2 MHz. Assume all 
other poles and zeros are much larger than 2 MHz. Calculate the high 3-dB 
frequency. Compare your result with the approximate value obtained from 
Eq. (12-31). 
If two cascaded single-pole stages have very unequal bandpasses, show that 
the combined bandwidth is essentially that of the smaller. Assume noninter- 
acting stages. 
Three identical cascaded stages have an overall upper 3-dB frequency of 20 kHz 
and a lower 3-dB frequency of 20 Hz. What are fz and fy of each stage? 
Assume noninteracting stages. 
It is desired that the voltage gain of an RC-coupled amplifier at 60 Hz should 
not decrease by more than 10 percent from its midband value. Show that the 
coupling capacitance C must be at least equal to 5.5,'R’, where R’ = Ri + R; 
is expressed in kilohms, and C in microfarads. 
The parameters of the transistors in the circuit shown areh,, = 50, A; = 1.1 K, 
hye = Roo = 0. Find (a) the midband gain, (6) the value of Cy necessary to 
give a lower 3-d]3 frequency of 20 Hz. Assume that C. represents a short-circuit 
at this frequency. (c) Find the value of C, necessary to ensure less than 10 per- 
cent tilt for a 100-Hz square-wave input. 


Prob. 12-20 
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12-21 


12-22 


12-23 


12-24 


12-25 


12-26 


A two-stage FET RC-coupled amplifier has the following parameters: gn = 
10 mA/V, rz = 5.5 K, Re = 10 K, and R, = 0.5 M for each stage. Assume 
C, in Fig. 12-110 to be arbitrarily large. 

(a) What must be the value of C, in order that the frequency characteristic of 
each stage be flat within 1 dB down to 10 Hz? 

(6) Repeat part a if the overall gain of both stages is to be down 1 dB at 10 Hz. 
(c) What is the overall midband voltage gain? 

A three-stage RC-coupled amplifier uses field-effect transistors (Fig. 12-118), 
with the following parameters: gn = 2.6 mA/V, rg = 7.7 K, Ra = 10 K, R, = 
0.1 M, Cy = 0.005 pF, and C, = «©. Evaluate (a) the overall midband voltage 
gain in decibels, (6) fz of each individual stage, (c) the overall lower 3-dB 
frequency. 

Plot the idealized Bode phase characteristic corresponding to the amplitude 
response of Fig. 12-15 [Eq. (12-39)}. 

(a) Show that the relative voltage gain of an amplifier with an emitter resistor 
R. bypassed by a capacitor C, may be expressed in the form 


Ay 14+ joR.C, 


A, B+joR.C, 


where B= 1+ R//R, R' = R(1 4+ hy), and R= R, + hi 
(b) Prove that the lower 3-dB frequency is 


_ AB 2 
Pe “Sek 
What is the physical meaning of the condition B < V2? 
(c) If B?>> 2, show that f. = fp, the pole frequency as defined in Eq. (12-40). 
In the circuit of Fig. 12-14a, let R, = 5002; Ri = R, = 50K; R, = KR, = 2K; 
Ree = 1.1 Ky Aye = 50; hee = Poe = 0; Cy = 5 pF. 
(a) Neglecting the effects of C., find f. for the transistor stage. 
(b) Neglecting the effects of C,, find expressions for f, and f, due to C, alone. 
(c) Find a value of C, for which fz is virtually unaffected by the presence of the 
emitter bypass capacitor. 
Find the percentage tilt in the output of a transistor stage caused by a capacitor 
C. bypassing an emitter resistor R,. Use the following method: If V is the 
magnitude of the input step, then from Fig. 12-14 (and using lowercase letters 
for instantaneous values), 


V — ven 


ve = hy ty Re — —hy,,Re R 


where R= R, +h. Take as a first approximation »,, = 0. Calculate the 
corresponding current, and assuming that all the emitter current passes 
through C,, calculate v,., and then show that 


; hyeReV t (1 + hye 
ane R RC, 


From this result verify Eq. (12-43). 
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Show that the low-frequency voltage gain of the FET stage shown with ry>> 
R, + R, is given by 


Ay 1 1+ if/fo 


Or. Tepe ai 
where 
1 1+ Gnks 
o=- me = = 
a anki fos or, 1 ~ oeG.R, 


(b) If gnRs>> 1 and gm = 5 mA/V, find C, so that a 50-Hz square-wave input 
will suffer no more than 10 percent tilt. 


Prob, 12-27 


Verify that the transfer function of the two-stage interacting amplifier of 
Fig. 12-19 is given by Eq. (12-48). 

Verify Eq. (12-50). 

Justify Eq. (12-52). 

(a) Find the noise bandwidth B, for an amplifier for which Ay. = 1,f: = 0 Hz, 
and 


lAv()| = : 


V1 + (f/x)? 

(6) Compute B, if fy = 10 kHz. 

(a) Find the mean-square value V,? of the output noise voltage for the circuit 
shown. ‘The circle represents a generator supplying Johnson noise to the RC 


combination. 
(b) Prove that 


$CV.2 = $kT 


This result is known as the equipartilion theorem. 


Prob, 12-32 c Y 
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CHAPTER 13 


13-1 For the circuit shown, with R. = 4 K, R, =4 K, RB, = 20 K, R, = 1 K, and 
the transistor parameters given in Table 8-2, find 
(a) The current gain fn/1, = Ay. 
(6) The voltage gain V,/V,;, where V, = J,R,. 
(c) The transconductance 1,,'/V,; = Gy. 
(d) The transresistance V,, J, = Ray. 
(e) The input resistance seen by the source. 
(f) The output resistance seen by the load. 
Make reasonable approximations. Neplect all capacitive effects. 


= Vee 


R, 


13-2 Repeat Prob. 13-1 for the circuit shown, with gn = 5 mA, V and ry = 100 K. 
Note that V, = /,Rs. 


If 


R,=1K | [* Prob. 13-2 
Y, 


+ «=1M $ f 
Vv, Ss R,= 


ai Veo 9.1K 


13-3 (a) For the circuit shown, find the ac voltage V; as a function of V, and V;. 
Assume that the inverting-amplifier input resistance is infinite, that A = Ay = 
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1,000, 8 = V;,V. = ree, Rs = Re = Ro = 1 K, hee = 1 K, Bre = hoe = 0, 
and dy, = 100. (0) Find dy; = 1, Vs = ake 


Iny ering 
amphfier 
A 


Prob, 13-3 


B network 


= Veg 


13-4 An amplifier consists of three identical stages connected in cascade. The out- 
put voltage is sampled and returned to the input in series opposing. If it is 
specified that the relative change dA,/d; in the closed-loop voltage gain A; 
must not exceed ¥;, show that the minimum value of the open-loop gain 4 
of the amplifier is given by 


where W, = dA1, Ay is the relative change in the voltage gain of each stage 
of the amplifier. 

13-5 An amplifier with open-loop voltage gain Ar = 1,000 + 100 is available. It 
is necessary to have an amplifier whose voltage gain varies by no more than 
+0.1 percent. 

(a) Find the reverse transmicsion factor 8 of the feedback network used. 
() Find the gain with feedback. 

13-6 The figure shows the transfer characteristic of a nonlinear amplifier. Negative 
feedback is applied to this amplifier as shown. Find the new transfer character- 
istie vy versus x, if (2) 8 = 0.1, (0) B = 0.05. Plot the two transfer character- 
istics on the same figure. 


Xo 
2.0 
15 fey) 
x; Xp 
>O 
Prob. 13-6 = 10 [ 
de 
8 
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13-10 


13-11 


13-12 
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An amplifier without feedback gives a fundamental output of 36 V with 7 per- 
cent second-harmonic distortion when the input is 0.028 V. 

(a) If 1.2 percent of the output is fed back into the input in a negative voltage- 
series feedback circuit, what is the output voltage? 

(b) If the fundamental output is maintained at 36 V but the second-harmonic 
distortion is reduced to 1 percent, what is the input voltage? 

An amplifier with an open-loop voltage gain of 1,000 delivers 10 W of output 
power at 10 percent second-harmonic distortion when the input signal is 10 mV. 
If 40-dB negative voltage-series feedback is applied and the output power is to 
remain at 10 W, determine ie) the required input signal, (0) the percent har- 
monic distortion. 

(a) Verify Eq. (13-16) for the input impedance of the current-series feedback 
amplifier. 

(b) Repeat part (a) for Eq. (13-25) for the voltage-shunt amplifier. 

(c) Verify Eq. (13-32) for the output impedance of the voltage-shunt feedback 
amplifier. 

(d) Repeat part (c) for Eq. (18-88) for the current-series feedback eaaliner: 
The output impedance may be calculated as the ratio of the open-circuit 
voltage to the short-circuit current. Using this method, evaluate R,, and Roy 
for (a) voltage-series feedback, (b) current-series feedback, (c) current-shunt 
feedback, and (d) vollase-<hunt feedback. : 

The 4-parameter model of a transistor can be considered to represent a feedback 
amplifier due to the presence of the h,, source. Using feedback formulas, find 
(a) Bis and (6) Yo; = 1/R.,, representing the input and output resistances of 
a transistor stage taking h,,, ho,, and a source resistance R, into account. 
Assume that the parameters of the circuit are rg = 10 K, R, = 1M, R, = 40 Q, 
Ra = 50 K, and gn = 6 mA,/V. Neglect the reactances of all capacitors. 
Find the voltage gain and output impedance of the circuit at the terminals (a) 
AN, (0) BN. 


Voo 


Q3 


R, 
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13-13 


Prove that for voltage-series feedback, with R,=0, Ar = A; Hyt: 
Ay = Aik1/R;. 
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13-14. The transistors in the feedback amplifier shown are identical, and their 2 param- 
eters are as given in Table 8-2. Make reasonable approximations when- 
ever appropriate, and neglect the reactance of the capacitors. Calculate 
Ruy = Valli, Au = —1/Ts, Abs = Vol Vi, Avs = Vo/Ve, and Roy. 


4 1008 
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13-15 A modified second-collector to first-emitter feedback pair is shown with de 
biasing omitted for simplicity. All transistors are identical. Neglecting fre, 
hys, Noe, hos and assuming that hy, >> 1, hyeRi >> Ry + hic, and Re>> his, show 
that 
(a) The voltage gain Avy = Vo/Vs = Ro/ Mi. 

(b) The output resistance Ry; = Rel|(Ro/hy.). 


Prob. 13-15 


13-16 Consider the transistor stage of Fig. 13-16a. 
(a) Neglecting h,, and h,, and assuming that hy. >> 1, show that the voltage 
gain is 
Ve hy Rr 
Avy = tad : 
Vs R, + hie + hy.Re 


852 
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(0) If the relative change dA, 4; of the voltage gain Ay must not exceed a 
specified value VW, due to variations of hy, show that the minimum required 
value of the emitter resistor R, is given by 


Bat hic [dhs “hye 
RB, if 
hye ( v; 


Solve the example in Sec. 13-11 on current-shunt feedback without using the 
feedback equations. Instead, apply Miller’s theorem to the resistor RB’, Hint: 
Assume the gain Ay from Vi, to Veo to be very large. 


In the two-stage feedback amplifier shown, the transistors are identical and 
have the following parameters: hy, = 50, hee = 2 K, hy =0, and hy = 0. 
Calculate 

I, 


Vv: 
@ 4y=F  Q) Re= er Ke) Ay = 


me 


o 


pl 


y 
(d@) Avy = = where V, = /,R, 


(e) Evaluate Ary, from Eq. (13-70) and compare with the result obtained in 
part d. 


Q2 Prob, 13-18 


13-19 


For the circuit shown (and with the h-parameter values given in Prob. 138-18) 
find 


I, 

@)Ay= 7 ) Ry 

(c) Avy = Z where J, = z 
Vo 

@) Avrp=  e) Rey 
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Ry 


13-20 ‘The transistors in the feedback amplifier shown are identical, and their h param- 
eters are given in Table 8-2. Make reasonable approximation: where appropri- 
ate, and neglect the reactances of the capacitors. Calculate 


I, 


(a) Ay = (b) Avy = ie where V, = J,f; 


iP 
(c) Ris (a) Roy 


1, Gh) 4.7K 


Ry 
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13-21 Let hy, of Q1 and Q2 of Prob. 13-20 increase to 100. If all other parameters 
remain constant, repeat Prob. 13-20. 

13-22 For the transistor feedback-amplifier stage shown, hy, = 100, hy, = 1 K, while 
hy, and hy, are negligible. Determine with R, = 0 

Vs 


where J, = — 


3s 


(c) Res (@) Ri; 


(a) Ray 


(b) Avs 


Hl 


SIS >|S 


a 


(e) Repeat the four preceding calculations if R, = 1 K. 


Prob, 13-22 


Ry Ry 


13-23 Consider the illustrative example in Sec. 13-11 (current-shunt feedback) but 
with the output taken from the emitter of Q2. This configuration now repre- 
sents voltage-shunt feedback and not current-shunt feedback. Analyze the 
cireuit for (a) B; (b) Rar; (c) Ray; (@) Avy; (e) Riss (A) Rip. 

13-24 For the circuit shown, prove that 


Prob. 13-24 
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For the voltage-shunt feedback circuit in the example in Sec. (18-12), replace 
the transistor by the low-frequency approximate model (hoe = Mre = 0). Do 
nol use feedback-analysis methods. Solve for Ay,, Ris, and Roz exactly. Com- 
pare with results obtained in Sec. 13-12. 


CHAPTER 14 


14-1 


14-2 


14-3 


14-7 


14-8 


A single-stage RC-coupled amplifier with a midband voltage gain of 1,000 is 
made into a feedback amplifier by feeding 10 percent of its output voltage in 
series with the input opposing. Assume that the amplifier gain without feed- 
back may be approximated at low frequencies by Eq. (12-2) and at high fre- 
quencies by Eq. (14-2). 

(a) As the frequency is varied, to what value does the voltage gain of the 
amplifier without feedback fall before gain of the amplifier with feedback falls 
3 dB? 

(b) What is the ratio of the half-power frequencies with feedback to those 
without feedback? 

(c) If fr = 20 Hz and fx = 50 kHz for the amplifier without feedback, what 
are the corresponding values after feedback has been added? 

(a) Verify Eqs. (14-9) and (14-10) for Ay for the two-pole transfer gain. 

(b) Verify that for Q = Qnin, the roots are and ws. 

Verify Eqs. (14-14) and (14-16) for the transfer function of the circuit model of 
Fig. 14-4. 

(a) Show that the two-pole closed-loop magnitude of the gain A, is given by 
Eq. (14-18) as a function of frequency. 

(b) Verify that the peak on the frequency response occurs at w/o = V1 — 2h? 
and has a value given by Eq. (14-20). 

Plot the phase response (versus w/w,) of a double-pole transfer function for 
Q = 0.5, 1, 2, 5. 

Derive Eqs. (14-23), (14-24), (14-25), and (14-26), for the step response of the 
two-pole feedback amplifier. Hunt: For the overdamped case, assume k?> 1 
and expand (1 — 1/k?)? in Taylor series. 

Verify Eq. (14-27) for the positions z,, and magnitude yn of the oscillatory- 
response maxima and minima. 

Define the normalized settling time z, to be the time at which the first peak 
(or dip) in Fig. 14-6 that is within the error band of + P percent occurs. Show 
that the value of m corresponding to 2, is given by the smallest value of m that 
satisfies 


LOO ete KDE <P 


(a) Given a two-pole amplifier with corner frequencies at a1 = 1Mrad/s and 
w, = 0.2Mrad/s. What are the maximum decibels of feedback which will give 
the fastest rise’ time without overshoot? 

(b) What is the rise-time improvement for the condition in parta? In other 
words, find the ratio of the rise time for k = 1 to the rise time for zero feedback. 
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14-11 


14-12 


14-13 


14-14 
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14-16 


14-17 
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(a) For the amplifier in Prob. 14-9, find the maximum value of the loop gain 
for which the step-response overshoot will be 10 percent. 

(b) At what time will the peak occur? 

(c) Calculate the magnitude of the first minimum of the step response and the 
time at which it occurs. 

(d) Verify that for & = 0.707 the maximum overshoot is 4.3 percent. 

An amplifier has two poles on the negative real axis: s) = —5 us ', 8 = —15 
us, 

(a) Plot the root locus of the amplifier with negative feedback. 

(0) Find the value of BA, for which the maximum overshoot of the amplifier 
step response with feedback is 4.3 percent. 

(a) If & = 0.5 (Q = 1), calculate the percent maximum overshoot in the step 
response for a two-pole feedback amplifier. 

(0) If there is a 10 percent overshoot in the frequency response, what is the 
percent overshoot in the step response? 

The roots of a closed-loop two-pole amplifier are s; = —¢ -L J@, 82 = —o — jw. 
Find the relationship between Q and |w/ol. 

For the three-pole feedback amplifier, verify Eq. (14-29) and show that 


WF = arwows(l + BA,) 
2 + we + ws 
Wg 


W102 + Gawd3 + ww; 
P| 


a, = 

De 
(a) Consider a three-pole open-loop transfer function with all three poles at 
s = —w1 Find an expression for the closed-loop gain. 
(6) Show that as negative feedback is added, one pole ss, moves along the 
negative real axis while the other two poles become complex conjugates and 
move toward the right-hand complex plane, as indicated in Fig. 14-8. 
(c) Verify that the system is unstable for |8A,| > 8: aud that for |6.4.| = 8, 
the poles soy aud ss, are tjw, 1/3 and Sip = —3a. 
Cousider the amplifier with a transfer function A(s) = Ai/[s(s + 3)?]. 
(a) Find the value of BA, corresponding to the breakaway point (the point in 
the complex plane where the real poles become complex). 
(0) Find the value of 8A, for which the aniplifier with negative feedback 
becomes unstable. 
(c) Plot approximately the root locus. 
Consider a transfer function with three poles 81, 82, 83. Find s;, ss, s3 knowing 
that 


si] = |s2| = |ss|.= 1 
and the Q of the complex pole pair (sz,ss) is 1. 
An amplifier has the following transfer function: 
A, X 7.2 & 1074 
(s + 0.02) (s + 0.09)(s + 0.4) 


A(s) = 
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14-25 


14-26 


14-27 


14-28 
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Peedback is applied to this amplifier. Find the poles and 4.1, if the Q of the 
complex pole pair is 1. ' 

(a) Verify that a two-pole feedback amplifier cannot have a closed-loop dom- 
inant pole if Q > 0.4. 

(b) Find an expression for the maximum value of 6A, for which a closed-loop 
dominant pole exists. 

(c) Calculate BA, for 1 = 4. What is the physical interpretation of this 
result? 


Verify Eq. (14-33), using Eqs. (14-32) and (14-31). 
Verify the expression for Rar in Eq. (14-34). 
Verify the expression for Gy, in Eq. (14-40). 


For the voltage-series feedback pair in See. 14-8 verify that a dominaut pole 
exists and that Av; can be approximated by Eq. (14-47). 


Show that for the dominant-pole-amplifier polar plot in Fig. 14-18 

(a) The upper semicirele of the plot is the locus of BA for negative frequencies. 
(b) The lower semicircle corresponds to positive frequencies. 

(c) The points corresponding to f= +/w are at the midpoints of the two 
semicircles. 

Consider a feedback amplifier for which the gain at low frequencies without 
feedback is given by Eq. (12-2). 

(a) Show that the polar plot of the loop gain is a circle in the right half of the 
complex @A plane, as in Fig. 14-18. 

(0) Show that the upper semicircle corresponds to values of f > 0, and that 
the lower semicircle corresponds to values of f < 0. 

Consider a two-pole feedback amplifier for which the gain without feedback 
is given by Eq. (14-8). Sketch the polar plot of the loop gain BA (@ is a real 
constant and f. = 10f;) for this amplifier, indicating 

(a) The section of the plot corresponding to f > 0 and that corresponding to 
f{ <0. 

(b) The points on the plot corresponding tof = 0; f= to;f= fi = wi/27; 
f = te = Ws ‘On. 

Sketch the polar plot of the loop gain BA for a three-pole feedback amplifier 
with a de gain (without feedback). A, = —1,000, and open-loop poles at fi = 
0.5 MHz, fe = 1 MHz, and fs = 2 MHz, under the following conditions: 

(a) B = —0.005 (b) 8 = —0.02 

In each case indicate whether or not the closed-loop amplifier is stable. 

(c) What is the maximum value of 8 for which the amplifier is stable? 

A three-pole feedback amplifier has a de gain without feedback of —104. All 
three open-loop poles are at f = 2 MHz. 

(a) What is the maximum value of 6 for which the amplifier is stable? 

(b) Assume that one of the poles is shifted to fi = 100 kHz, ; 

Using the value of G found in part a, what is the gam margin of the modified 
circuit? 


Verify Eq. (14-58) for the transfer function of the pole-zero-compensation 
network. 
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Pole-zero compensation is used, but the zero f. of the compensating network 
does not exactly equal the lowest pole f; of the uncompensated amplifier. 
(a) Choose f; = 1.1f; and sketch on log-log paper the function 


5 ie 


1+ (ff) 


(b) Repeat part a if f, = 0.9/;. 

A three-pole amplifier without feedback has a de gain of —103 and poles located 
at fi = 1 MHz, fo = 10 MHz, and f; = 30 MHz. Dominant-pole compensa- 
tion is applied to this amplifier. 

(a) Find the location of the dominant pole so that the open-loop gain is first con- 
stant and then falls at a rate of —20 dB per decade for frequencies f < 1 MHz. 
(b) What is the maximum value of § for which this compensated amplifier 
is stable? 

Pole-zero compensation is used with an amplifier which has —103 de gain and 
three poles at fi = 1 MHz, fo = 10 MHz, andf; = 200 MHz. The zero of the 
pole-zero network is selected to cancel the 1-MHz pole of the uncompensated 


amplifier. 
(a) Find the pole of the compensating network so that the amplifier is stable 
with a 45° phase margin when 8 = —0.1. 


Hint: Let —|6|AvAy = /—135° at f = 10 MHz. 

(6) What is the bandwidth of the compensated amplifier with feedback? 
Verify Eq. (14-60) for the feedback factor of the phase-shift network of Fig. 
14-29, assuming that this network does not load the amplifier. Prove that the 
phase shift of V;,’V, is 180° for a? = 6 and that at this frequency 8 = vy. 

(@) For the network of Prob, 14-33, show that the input impedance is given by 


1 — 5a? — j6a — a) 


Z,;=R : 
3 — a? — j4a 


(8) Show that the input impedance at the frequency of the oscillator, a = +/6, 
is (0.83 — 72.70) R. 

Note that if the frequency is varied by varying C, the input impedance 
remains constant. However, if the frequency is varied by varying R, the 
impedance is varied in proportion to R. 

Design a phase-shift oscillator to operate at a frequency of 5 kHz. Use a 
MOSFET with » = 55 and rg = 5.5 K.- The phase-shift network is not to 
load down the amplifier. 

(a) Find the minimum value of the drain-circuit resistance Ry for which the 
circuit will oscillate. 

(b) Find the product RC. 

(c) Choose a reasonable value for R, and find C. 

(a) A two-stage FET oscillator uses the phase-shifting network shown. Prove 
that 


Vi_ 1 
Vi 3+ j(wRC — 1 wRC) 
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(b) Show that the frequency of oscillation is f = 1,'2rRC and that the gain 


must exceed 3. 
+ R Cc + 
, i . ® vy; 


Prob. 14-36 v, 


1 


14-37. (a) Find V; Vs for the network shown. 
(b) Sketch the circuit of a phase-shift FET oscillator, using this feedback 
network. 
(c) Find the expression for the frequency of oscillation, assuming that the net- 
work does not load down the amplifier. 
(d) Find the minimum gain required for oscillation. 


‘ 
Prob. 14-37 | 


14-38 Consider the two-section RC network shown. Find the VilV; function, and 
verify that it is not possible to obtain 180° phase shift with a finite attenuation. 


if IC 
+ Cc c |: 
Prob. 14-38 Vo as ti Vy 


14-39 For the feedback network shown find (a) the transfer function, (b) the input 
impedance. (c) If this network is used in a phase-shift oscillator, find the fre- 
quency of oscillation and the minimum amplifier voltage gain. Assume that 
the network does not load down the amplifier. 


+ R R R + 
Vo Cc Cc c vy 
Prob. 14-39 -| i | ] ' 
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14-40 Take into account the loading of the RG network in the phase-shift oscillator 
of Fig. 14-294. If R, is the output impedance of the amplifier (assume that C, 
is arbitrarily large), prove that the frequency of oscillation f and the minimum 
gain A are given by 


2 
i a A 29 + 23 Bs t 4 (2) 
2nRC 9/6 + 4(R,/R) R R 
14-41 For the FET oscillator shown, find (a) Vi/¥o, (b) the frequency of oscillations, 
(c) the minimum gain of the source follower required for oscillations. 


Prob, 14-4] 


14-42 Verify Eqs. (14-61) and (14-62) for the transistor phase-shift oscillator of 
Fig. 14-30. 

14-43 Apply the Barkhausen criterion to the tuned-drain oscillator, and verify Eqs. 
(14-63) and (14-64). 

14-44 (a) At what frequency will the circuit shown oscillate, if at all? 
(0) Find the minimum value of R needed to sustain oscillations, The FETs 
are identical with g,, = 1.6 mA/V and rg = 44 K, 

Hint: Assume a voltage V from gate G, of Q1 to ground but with the point 

G’ not connected to the gate Gy). Calculate the loop gain from the equivalent 
circuit, obtained by looking into each source. 


Vo 
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(a) Consider a Colpitts oscillator, using the circuit of Fig. 14-82 and taking 
into account the resistance 73 in series with the inductor Zs. Show that the 
frequency of oscillation is given by 


1 1 1 Ts 
ta fd 
ey E = =( ry] 


(6) Ifrs/R, 1, show that the mmimum amplifier gain required for oscillations 
1s 


C1, O+G 
Avo ty2eR 
aa 


of 3 

(a) Consider the Hartley oscillator cireuit shown (with bias and power supplies 
omitted for simplicity). If the resistances of the inductors are 7; and rz, respec- 
tively, find the frequency of oscillation. 

(6) Find the value of R, for which the value of the loop gain will just equal 
unity. 


Prob, 14-46 


In the Wien bridge circuit of Fig. 14-34, add an inductor in series with 2 and C 
between points 2 and 3. Also, replace the parallel combination of R and C by 
a resistor R3. Find the frequency of oscillation and the minimum gain of the 
amplifier if 

(a) R, is infinite. 

(6) R, is finite. 

(a) Verify Eq. (14-75) for the reactance of a crystal. 

(6) Prove that the ratio of the parallel- to series-resonant frequencies is given 
approximately by 1+ $C/C". 

(c) If C = 0.04 pF and C’ = 2.0 pF, by what percent is the parallel-resonant 
frequency greater than the serics-resonant frequency? 

A crystal has the following parameters: L = 0.83 H, C = 0.065 pF, C’ = 1.0 
pF, and & = 5.5 K. 

(a) Find the series-resonant frequency. 

(6) By what percent does the parallel-resonant frequency exceed the series- 
resonant frequency? 

(c) Find the @ of the crystal. 
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CHAPTER 15 


15-1 Verify Eqs. (15-2) and (15-3). 

15-2. Find an expression for Ay; in Fig. 15-3 by using feedback concepts. Show 
that this expression agrees with Eq. (15-2) if A, > R,Y’. 

15-3 The amplifier shown uses an oP AMP with input resistance R;, voltage gain 
A, < 0, and zero output resistance. Assume also that the op amp is unilateral 
from input to output. 

(a) Show that the amplifier satisfies the three fundamental assumptions of 
Sec. 13-2. 
() Show that the transresistance of the amplifier without feedback is 


A,R:RR’ 
RR’ + (Ri + Ri) (R + B’) 


(c) Show that 


ALR’ 


Ve 
Avy = 


V. RR’ + (R, + R)(R LR) — ARR 


Prob. 15-3 Prob. 15-4 


15-4 (a) Repeat Prob. 15-3 for the noninverting amplifier shown. . 
(b) Show that the voltage gain of the amplifier without feedback is 
—A.R(R + B’) 
" (R+ R)(Ri + Ri) + RR 


(c) Show that 

=A,R(R + BR’) _ ¥e 
RR’ + (Ri + R)(R+R)— ARR; V, 
15-5 For the circuit of this problem with R; = ©, show 


1 R 1 
Yo == (i — A, 
. 7 (0 cos) +a 


Ay 
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Prob, 15-5 


= +4 £ 


Of 
V, 
15-6 The cireuit shown is a differential amplifier using an ideal oP amp. 

(a) Find the output voltage u,. 

(2) Show that the output corresponding to the common-mode voltage vu. = 

#(v1 + v2) is equal to zero if R’ R= R,/R,. Find 2, in this ease. 

(c) Find the common-mode rejection ratio of the amplifier if R’/R - Ry,Re. 


Prob. 15-6 


15-7. The circuit shown represents a de feedback amplifier consisting of a differential 
input pair Q1-Q2 followed by two stages, Q3 and Q4. 


+ Vee 


3.9K 


864 / 


15-8 


15-9 


15-10 
15-11 


15-12 


15-13 


15-14 


INTEGRATED ELECTRONICS App. C 


All transistors are identical, and their parameters are 
he=1K Noe = 10 pO hre = 2.5 X 1074 he = 100 


Make reasonable approximations resulting in errors of no more than 10 percent. 
Compute the following quantities at low frequencies. 

(a) The difference gain Az and common-mode gain A, for the differential 
amplifier defined by the equation 


vty, 


vi = Aalvy Ms) + Ae 2. 


Make use of the symmetry of the circuit. 
(b) 02/01, vo/ve, and A = 0,/v,. Assume that Q2 does not load the 10-K 
resistance. 
(c) Avy = vv. Compare this result with that obtained using the feedback 
factor 8. 
For the circuit of Fig. 15-6 assume that R, = 0, ho(R. + 2R.) KX 1, hye > 1, 
and hie K 2A ire 
(a) Verify that the common-mode rejection ratio is given by 

telbe 


Nee 
(b) If re Kee verify that p = gnR. ~ V/2Vr, where V is the quiescent 
voltage across R,. 
Draw the h-parameter model for the common-mode gain in a pirr amp. With- 
out solving for A. show from the circuit that A, must be zero if hre/ Roe = 2R, 
{in agreement with Eq. (15-18)]. 
Verify Eqs. (15-13) and (15-14) for the difference amplifier. 
Starting with Eq. (15-13) for Ag and assuming R, & hs, and ru < Toe, Verify 
that 


1 I, 
Aq = — gn, and md = 
2 9 uns 4Vr 
(a) Show that the emitter volt-ampere characteristic of a transistor in the 
active region is given by 


Tyg IgeVal¥r 


where Is = —Tro/( = vay). 

(b) Verify Eq. (15-22) for the transfer characteristic of the pIFF AMP. 

(c) Verify Eq. (15-23) for gma. 

(a) From Eq. (15-22), for the transfer characteristic of the prrr amp find the 
range AV = A(Vai — Vez) over which each collector current increases from 
0.1 to 0.9 its peak value. 

(b) Repeat part a for a collector-current variation from 50 to 99 percent of J,. 
(c) Compare your result with Fig. 15-9. 

The differential amplifier of Fig. 15-8 is modified by putting two resistors R, 
in series with the emitter lead of Q1 and Q2. 
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(a) Express Vz, — Vee asa function of Vem — Vaee and Ie. 
(b) Find the transfer characteristic Je. To versus (Vai ~ Vas), Vr if R, = 50 Q 
and Ig = 2 mA. Solve graphically by using Fig. 15-9 and part a. 
(c) Find the transconductance 
Be ons ale 
ama GV ~ Van) 
evaluated at Vay = Vuo. 
(d) Express g',g in terms of gnu given in Eq. (15-23). 
15-15 (a) Calculate the common-mode rejection ratio p, for the first stage of the 
OP AMP in Fig. 15-11. Assume 1,‘hoe = 100 K and h,, = 2.5 & 1074. 
(b) Calculate ps for the second stage. 
(c) What is the overall p (in decibels)? 
15-16 The figure shows an inverting op aMP with input resistance R; and offset 
voltage V;.. Show that V, is given bs 


- —A.RA(R + BY)V ic 
RR' + (Ri + Ri) (R + FR’) — RRA, 


° 


Prob. 15-16 


15-17 For the amplifier shown, V; and V2 represent undesirable voltages. Show that, 
if R; = ©, R, =0,and 44 < Oand Ay» <0, 
R 


Ve = AnfAun(V’ — Vi) — Vo] where V’ = V, Rak 


Show also that, if AwAuk, (Rk + RF’) > 1, 


R’ Ve 
—— = \(v 
ven - (142) (v4 2) 


Prob, 15-17 
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15-18 Consider the circuit shown. An attempt is made to find a value of Ry which 


minimizes the offset-current effects. 

(a) First show that V. = 0 if 7,[RR'/(R + R’)] = 1,R). 

(6) Conclude that Ry = RR’/(R + R’) is the optimum value of Rif 11/1. = 1. 
Find V, in this case. Assume R, = 0. 


Prob. 15-18 Prob, 15-19 


15-19 


15-20 


(a) For the amplifier shown (with R, = 0) prove that 
Gi) The output voltage V,, due to the bias current J, is 


—R'RR;A, 


Va = I 
‘(Ri + BR) (R' + R) + RR! — A,RR; | 


(ii) The output voltage V.2 due to the bias current J, is 


o RsRi(R + RA, r 
(R + R)(R, + RB) — A,RR; + RR’ 


Vor 


(b) Show that if 11/2. 1, then Vi + Veo is minimized by taking Ri = 
RR'/(R + R’). 


(a) Show that the gain Ay,r of the inverting op amp and the gain Ay;y, of the 
noninverting amplifier satisfy (assume R, = 0) 


Avysr = R’ 


Avynr "R + FR 


Hint: Use the results of Probs. 15-3 and 15-4. 
(b) Using (a), show that the input biasing currents J, and 7, and the input 


offset voltage V;. produce an effective input error voltage Vs; on the inverting 
terminal equal to 


R+#’ R+ 


Ver = —-hR+ z Ril, — Vs 


R' 


(c) Plot the curve Vz; = f(R’) for Ry = RR'/(R + R’), R = 1K, and typical 
values of Vip and Z, — I; (Table 15-1). 
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15-21 (a) Repeat part b of Prob. 15-20 and show that the input offset signals produce 
an effective input error voltage Vw; on the noninverting terminal equal to 


RR’ 
R+R 


(b) Repeat parts c and d of Prob. 15-20. 

15-22 Consider the inverting op AMP of Prob. 15-20 with infinite open-loop gain and 

with an output-voltage swing of +4.5 V. 

(a) Plot the output voltage due to Vio as a function of R’,R. 

(b) Plot the output voltage due to the biasing currents J, and I, asa function 
of R’ (i) if Ri = RR'/(R + RB), (ii) if Ry =0. Use typical values for the 
offset signals. 

15-23 The input offset voltage V.. of an op amp is equal to 1 mV at 25°C. The input 
offset-voltage drift of this amplifier is equal to 5 V,°C. Assume that the 
open-loop voltage gain is infinite. Using Prob. 15-16, find the output offset 
voltage at temperature 7’ = 100°C if (i) R’/R = 1, (ii) R’/R = 100. At which 
temperature is the output offset voltage equal to 0.2 V if R’’R = 200? 

15-24 (a) For the inverting op amp with R, = ©, draw the model of the amplifier 
without feedback but taking the loading of R’ into account (Sec. 13-7). Refer 
to Fig. 15-2 with Z = Rand Z’ = R’. 

(b) Verify that B = iy R’ and Ry = AvRu, where Ru = RIP’. 
(c) Verify that 


Rus _ Ru/R 
Ro 1+ 6R»y 

aud show that this expression reduces to Eq. (15-35). 

15-25 (a) For the noninverting op amp of Fig. 15-4 with R; = ©, draw the model of 
the amplifier without feedback but taking the loading of 2’ into account. 
(b) Verify that 8 = R/(R-+ RP’). 
(c) Find A Vee 

15-26 Without using feedback-amplifier concepts, verify that Ay, for the inverting 
op amp of Prob. 15-24 is given by Eq. (15-35). 


Vent = Vio — Pile + hi = 


Avy = 


868 


15-27 


15-28 


15-29 


15-30 


15-31 


15-32 


15-33 


15-34 
15-35 


“INTEGRATED ELECTRONICS App. © 


Without using feedback concepts, verify that Ay; for the noninverting OP AMP 
of Prob. 15-25 is given by Eq. (15-38). 
(a) The transfer function of an op amp has its first pole at 1 MHz and a low- 
frequency gain of 44dB. Jominant-pole compensation is used for this op AMP, 
and the gain of the compensated amplifier is zero dB at a frequency 1 MHz. 
Find the value fz of the dominant pole. 
(b) Repeat (a) if the low-frequency gain is 68 dB. 
(a) In Fig. 15-11 find the resistance R; seen between pins 9 and 10, Assume 
lvhoee = 100 K and kh, = 0. 
(6) A capacitor C; is connected between pins 9 and 10. For which value of C; 
is the first pole of the compensated amplifier equal to (i) fa = 200 Hz, (ii) 
fa = 1 kHz? 
(a) Verify Eq. (15-41). 
(0) Draw on the same figure the following Bode plots: 

(i) Open-eircuit voltage gain of the amplifier without compensation. 

(ii) Open-circuit voltage gain of the amplifier if pole-zero cancellation is 

achieved, using Eq. (15-41). 

In (i) assume that the amplifier has three poles. 

In Prob. 15-30 the transfer function of the amplifier without compensation has 
three poles at 1, 4, and 40 MHz and a low-frequency open-loop gain of 72 dB. 
(a) Find FR, and C, as a function of Ri, R, R’ if the gain of the compensated 
amplifier is zero dB at a frequeney 4 MHz. 
(0) Find R,and C. if Ri = RR’, (R+R'),R =1K,and R’> R. Find also 
the bandwidth of the compensated amplifier without feedback. 


(a) Show that pole-zero cancellation can be achieved by using the input circuit 
of the figure. Use the result of Prob, 15-3(b) and assume R; = ©, 

(b) Draw the Bode plots of the open-loop gain for the compensated and the 
uncompensated amplifier. Assume that the op amp has three poles and that 
Ro KR. 


% Prob, 15-32 


Verify all the equations in Sec. 15-11 which relate to pole-zero cancellation using 
the Miller effect technique. 

Verify Eq. (15-50) for the factor A introduced due to C’ in Fig. 15-24, 

The slew rate of an op Amp is 6 V, us when the closed-loop gain is unity. The 
amplified output signal is observed to be a pure sinusoid » = Vm cos wl pro- 
vided the frequency of this signal docs not excecd a certain limit. 
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Find the value of this limiting frequency before the output signal is dis- 
torted by the slew-rate limit if (2) Va = 1 V, (6) Ve = 10 V. 


CHAPTER 16 


16-1 Design the circuit of Fig. 16-1 so that the output V, (for a sinusoidal signal) 
is equal in magnitude to the input V, and leads the input by 45°. 

16-2 Consider the circuit of Fig. 16-1 with Ay = —100. If Z = Rand Z’ = —jX¢ 
with R = Xc at some specific frequency f, calculate the gain V./V, as a com- 
plex number. 

16-3. Given the operational amplifier circuit of Fig. 16-1 consisting of R and L in series 
for Z, and Cfor Z’. If the input voltage is a constant v, = V, find the output 
v, as a function of time. Assume an infinite open-loop gain. 

16-4 For the given circuit, show that the output voltage is 


Re 


L\ dv 
—, == RoC —+LC 
vy, Bey + ( 2 +7)S4 


de 
at? 


Ry L 


Prob, 16-4 u(t) © 
© u,(t) 


16-5 Consider the operational amplifier cireuit of Fig. 16-1 with Z consisting of a 
resistor & in parallel with a capacitor C, and Z’ consisting of a resistor &’. The 
input is a sweep voltage » = ad. Show that the output voltage v, is a sweep 
voltage that starts with an initial step. Thus prove that 


R’ 
o= —aR’C—a—t 
v a ae 


Assume infinite open-loop gain. 

16-6 Consider the operational amplifier circuit of Fig. 16-1 with Z consi:ting of a 
100-I< vesistor and a series combination of a 50-K resistance with a 0.001-uF 
capacitance for 2’. If the capacitor is inttially uncharged, and if at f = 0 the 
input voltage v, = 10e7"" with 7 = 5 X 1074s is applied, find (2). 

16-7 In Fig. 16-3) show that 7, is equal to —v,’Re if R-'R, = R’ Ri. : 

16-8 The differential input operational amplifier shown consists of a base amplifier 
of infinite gain. Show that V, = (Re. Ri) (Ve — Vi). 
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R, R, 


Prob. 16-8 


Ry R, = 


16-9 Repeat Prob. 16-8 for the amplifier shown. 


Ry R, 


Prob. 16-9 


R, R, 


16-10 For the base differential-input amplifier shown, assume infinite input resistance, 
zero output resistance, and finite differential gain Ay = V./(Vi — V2). 
(a) Obtain an expression for the gain Ay, = V./V,. 
(b) Show that lim Avy = n+ 1, Ap ow, 


Prob, 16-10 


16-11 Verify Eq. (16-6) for the bridge amplifier. 
16-12. The circuit shown represents a low-pass dc-coupled amplifier. Assuming an 
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ideal operational amplifier determine (a) the high-frequency 3-dB point fi; 
(b) the low-frequency gain Ay = V,/V,. 


Prob, 16-12 


16-13 (a) The input to the operational integrator of Fig. 16-10 is a step voltage of 
magnitude V. Show that the output is 


vo = AyV(L — e ROU Ay) 


(b) Compare this result with the output obtained if the step voltage is impressed 
upon a simple RC integrating network (without the use of an operational 
amplifier). Show that for large values of RC, both solutions representa voltage 
which varies approximately linearly with time. Verify that if — Ay >> 1, the 
slope of the ramp output is approximately the same for both circuits. Also 
prove that the deviation from linearity for the amplifier circuit is 1/(1 — Av) 
times that of the simple RC circuit. 

16-14 Derive Eq. (16-13). 

16-15 (a) The input to an operational differentiator whose open-loop gain Ay = A is 
infinite is a ramp voltage » = at. Show that the output is 


Vo = 


7 aRC(L — @1tG-Aire) 
A 


(b) Compare this result with that obtained if the same input is impressed 
upon a simple RC differentiating network (without the use of an amplifier). 
Show that, approximately, the same final constant output RC do,dt is obtained. 
Also show that the operational-amplifier output reaches this correct value of 
the differentiated input much more quickly than does the simple RC circuit. 

16-16 Given an operational amplifier with Z consisting of R in series with C, and Z’ 
consisting of R’ in parallel with C’. The input isa step voltage of magnitude V. 
(a) Show by qualitative argument that the output voltage must start at zero, 
reach a maximum, and then again fall to zero. 
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16-17 


16-18 


16-19 


16-20 


16-21 
16-22 


16-23 


16-24 


16-25 


16-26 


16-27 


(6) Show that if R’C’ # RC, the output is given by 
R'CV 


vw, = (eURO — -tIK'C’) 


R’C’ — KC 


Sketch an operational amplifier circuit having an input v and an output which 
is approximately —5v — 3dv/dt. Assume an ideal operational amplifier. 
Sketch in block-diagram form a computer, using operational amplifiers, to solve 
the differential equation 


e + 0.50 + 0.1 sin wt = 0 


An oscillator is available which will provide a signal sin wf. Use only resistors 
and capacitors. 

Set up a computer in block-diagram form, using operational amplifiers, to solve 
the following differential equation: 


diy d’y dy 
2 —4 2 RaQ 
a ae ty t= FO 
where 
2 
y(O) = dy = -2 and ay = 
dt |p=0 dt? |y=o 


Assume that a generator is available which will provide the signal z(d). 

(a) Verify that the damping factor of each pair of complex poles of a Butter- 
worth low-pass filter is given by k = cos 6, where @ is defied in Fig. 16-17. 
(6) Define a damping factor & for the single pole at s = —1 which is consistent 
with Eq. (16-23). 

Verify the entries in Table 16-1 for n = 3 by using Fig. 16-170. 

Using Eq. (16-22), show that the transfer function of a second-order Butter- 
worth low-pass filter satisfies Eq. (16-19). 

Use the value of P.(s) from Table 16-1 and verify that 


Pa(s)Pa(—s) | Serres 

8=Jw 

Use the values of P3(s) from Table 16-1 and verify that 
Pa+8)P(-s) | = 1+ a8 


Show that the voltage gain Ay(s) = V,, V, in Fig. 16-18a is given by Eq. 
(16-24). Hunr: Use feedback principles. 

Design an active sixth-order Butterworth low-pass filter with a cutoff frequenc: 
(or upper 3-dB frequency) of 1 kHz. 

The circuit shown uses an ideal oP amp. 

(a) Find the voltage gain Ay = V,,V,, the damping factor &, and the cutoff 
frequency Wo. 

(0) Using this circuit. design a second-order Butterworth low-pass filter with 
fo = 1 kHz and low-frequency voltage gain equal to —1. 
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SR Cc, 
Ry, 
Prob. 16-27 Vs O—~/)\W# hel 


16-28 Define the z parameters of a two-port network by the following relations: 


Vy = aula + fi2l2 
Ve Zod, + Zaele 


For the circuit shown prove that the voltage gain Ar = V,, V, is given by 
Vo - Rzn 


Ve (Ri + Ba) — an) + Rie 


where a1, and 22: are the z parameters of the RC network. 


Ri gs 
Prob. 16-28 q, 
+ Ry 


ined 


16-29 The network shown is the RC network of Prob. 16-28. 
(a) Find the parameters 21, and Za of this network. 
(6) Find the voltage gain V,./1’, of the amplifier in Prob, 16-28 if this RC net- 
work is used. 


q, C, I, 
in ie ° 
Prob. 16-29 i 
Vi Cc 


L R; Vv, 
° S| 3° 


16-30 Design a second-order active RC bandpass filter that has a midband voltage 
gain of 40 dB, center frequency of 100 IIz, and no specified bandwidth. How- 
ever, the circuit must provide at least 20-dB rejection one decade from the 
center frequeney and hold phase shift to +10° maximum for 10 percent change 
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from the center frequency. Hint: Use Fig. 16-22 to find Q and let R, = © 
RR, =1K. 

16-31 Design a bandpass RC active filter with midband voltage gain of 30, center 
frequency of 200 Hz, and @ = 5. Hunt: Choose C, = Cy = 0.1 pF. 

16-32 Design the resonant RLC bandpass filter of Fig. 16-21 with fj, = 160 Hz, 
3-dB bandwidth B = 16 Hz, and minimum input resistance seen by the voltage 
source V, of 1,000 2. Is this a practical circuit? 

16-33 Verify Eq. (16-50) for the transfer function of the delay equalizer of Fig. 16-24a. 

16-34 (a) Show that the circuit of the accompanying figure can simulate a grounded 
inductor if Ai > Az. In other words, show that the reactive part of the input 
impedance of this circuit is positive if Ry > Re. 

(b) Find the frequency range in which the Q = wL/R of the inductor is greater 
than unity. 

Assume that the unity gain amplifier has infinite input resistance and zero 
output resistance. 


’ 


Ry 
WN 
c 
+ 
A Ry 


16-35 (a) Show that the circuit of the given figure can simulate a grounded inductor 
if A > 1. In other words, show that the reactive part of Z; is positive. 
(b) Show that the real part of Z; becomes zero (Q = oo) at the frequency 


1 A pomel 
° Ric VRAA — 1) 


Assume that the input resistance of the amplifier of gain A is infinite, 


Prob, 16-34 


om X—>o 
I 


Prob, 16-35 
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16-36 Using Fig. 16-270, derive Eqs. (16-54) and (16-55). 

16-37 Using Fig. 16-27), derive Eqs. (16-57) and (16-58). 

16-38 The figure shows a circuit using an ideal op amp and an RC two-port network. 
The RC two-port is defined in terms of its y parameters (Sec. 16-9). Show 
that the voltage gain Ay = V/V, is given by é 


Vo yall + k) + kya Je! 
Av= = where k = — 
Ws Yr2 ° R 


Prob, 16-38 


x 


16-39 Repeat Prob. 16-38 for the circuit shown. Show that the expression for Ay = 
V./V; is the same as in Prob. 16-38. 


R 


Prob. 16-39 


16-40 In Probs. 16-38 and 16-39 the RC two-port shown is used. (a) Find the 
parameters yo. and y22 of this two-port RC network. (b) Show that if 


: Ng Oh 
= Bh eS) i 
k G+e)+ 


then the two circuits are delay equalizers with transfer function 


Vo 4 = si)(s — 82) 
V, s+ ai(s + 82) 
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IL Ry C, Ip 
bi i 
A R, Va Prob. 16-40 
| ae 
° = o” 


16-41 Using the curve of Fig. 16-31 and assuming Vace = 3.5 V, with an audio modu- 
lating signal of 1.5 V peak to peak, ealculate the modulation factor 


Vea eae aa" Ve eit 
Vo.max 


16-42 Derive Eq. (16-59) for the gain of the cascode video amplifier. 

16-43 (a) Verify that the circuit shown gives full-wave rectification provided that 
R. = 2K. 
(6) What is the peak value of the rectified output? 
(c) Draw carefully the waveforms v; = 10 sin wt, Vp, and v, if Ry = 2R;. 


k= 


Prob. 16-43 


16-44 If a waveform has a positive peak of magnitude V: and a negative peak of 
magnitude V2, draw a circuit using two peak detectors whose output is equal 
to the peak-to-peak value Vi — Vo. 


16-45 Show that the given circuit can be used to raise the input V, to an arbitrary 
power. Assume Vi = K, In KoV., V, = Kz ln KiV2, V2 = ai. 


Prob, 16-45 Prob. 16-46 


16-46 For the feedback circuit shown, the nonlinear feedback network 8 gives an 
output proportional to the product of the two inputs to this network, or 
Vy = BVaV,. Prove that if A = ~, then V, = KVi,/Vo, where K is a 
constant. 
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16-47 


16-48 


16-49 
16-50 


16-51 


16-52 


16-53 


16-54 
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(a) With the results of Prob. 16-46, draw the block diagram of a system used 
to obtain the square root of the voltage V,. 

(b) What should be the value of 8 if it is required that V, = VV2 

(a) Verify Eq. (16-78) for the pulse width of a monostable multivibrator. 

(b) 1f V.>> Vi and B = 1,/2, what is T? 

Verify Eq. (16-84) for the frequency of the triangle waveform. 

The Schmitt trigger of Fig. 16-47 is modified to include two clamping Zener 
diodes across the output as in Fig. 16-45¢a. If V. = 4 Vand A, = 5,000 and if 
the threshold levels desired are 6 +0.5 V, find (a) Re ‘Ri, (6) the loop gain, and 
(c) Vp. (d) Is it possible to set the threshold voltage at a negative value? 
(e) In part (@) the ratio of R, to R, is obtained. What physical conditions 
determine the choice of the individual resistances? 

The input »; to a Schmitt trigger is the cet of pulses shown. Plot », versus 
time. Assume V; = 3.2 V, V2 = 2.8 V, and». = +5 Vati = 0. 


3.4 
ma | 
rc 145 6 8, 
Prob. 16-51 30/,- +4174 pt 
2.8 
26 


(a) Calculate the logic levels at output Y of the ECL Texas Instruments gate 
shown. Assume that Vaz.setive = 0.7 V. To find the drop across an emitter 
follower when it behaves as a diode assume a piecewise-linear diode model with 
V, =0.6 and Ry, = 202. 

(b) Find the noise margin when the output Y is at V(0) and also at V(1). 

(c) Verify that none of the transistors goes into saturation. 

(d) Calculate R so that ¥’ = Y. 

(e) Find the average power taken from the power source. 


Vee = 1.82 Vo 


Prob. 16-52 


Verify that, if the outputs of two (or more) ECL gates are tied together as in 
Fig. 16-51, the or function is satisfied. 

(a) For the system in Fig. 16-51 obtain an expression for Y which contains three 
terms. 

(b) If in Fig. 16-51 Y. and Y2 are tied together, verify that the output is 
Y =AB+ CD. 
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(c) Ifin Fig. 16-51 Y, and Y2 are tied together and if the input to the lower ECL 
gate is C and D (instead of C and D), what is ¥? 


CHAPTER 17 

17-1 Indicate how to implement S, of Eq. (17-1) with ann, or, and Nor gates. 

17-2 Verify that the sum 8, in Eq, (17-1) for a full adder can be put in the form 
S, = 4,08 B,@ Ch 

17-3 (a) For convenience, let A, = A, B, = B, Cy. = C, and C, = Ch. Using 
Kg. (17-4) for C!, verify Eq. (17-5) with the aid of the Boolean identities in 
Table 6-4; in other words, prove that ‘ 

C= BO+ C4 + 4B 
(b) Evaluate D = (A + B+ C)C' and prove that S, in Eq. (17-1) is given by 
S,= D+ ABC 

17-4 (a) Verify that an excLusive-or gate is a true/complement unit. 

(5) One input is A, the other (control) input is C, and the output is ¥Y. Is 
Y=AforC =lorC=0? 

17-5 For the system shown in Fig. 17-11a, verify the truth table in Fig. 17-118. 

17-6 (a) Make a truth table for a binary half subtractor A minus B (corresponding 
to the half adder of Fig. 17-3). Instead of a carry C, introduce a borrow P. 
(®) Verify that the digit D is satisfied by an excLuSIvE-oR gate and that P 
follows the logic “B but not A.” 

17-7 Consider an 8-bit comparator. Justify the connections C’= Cz, D’ = Dy, 
and E' = Ey for the chip handling the more siguificant bits. Hint: Add 4 
to each subscript in Fig. 17-14. Extend Eq. (17-12) for # and Eq. (17-13) 
for C to take all 8 bits into account. 

17-8 (a) By means of a truth table verify the Boolean identity 

Y=(A®BDOC=AG (SOC) 
(0) Verify that Y = 1(0) if an odd (even) number of variables equals 1. This 
result is not limited to three inputs, but is true for any number of inputs. It is 
used in Sec. 17-3 to construct a parity checker. 

17-9 Construct the truth table for the nxcLusive-or tree of Fig. 17-15 for all possi- 
ble inputs A, B, C, and D. Include A @ B and C® D as well as the out- 
put Z. Verify that Z = 1(0) for odd (even) parity. 

17-10 (a) Draw the logie circuit diagram for an 8-bit parity check/generator system. 
(6) Verify that the output is 0(1) for odd (even) parity. 

17-11 (a) Verify that if P’ = 1 in Fig. 17-15, this system is an even-parity check. 
In other words, demonstrate that with P’ = 1, the output is P = O(1) for 
even (odd) parity of the inputs A, B, C, and D. 
(8) Also verify that P generates the correct even-parity bit. 

17-12 (a) Indicate an 8-bit parity checker as a block having 8 input bits (collec- 


tively designated Aj), an output P;, and an input control Pj. Consider a 
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17-13 
17-14 
17-15 
17-16 
17-17 


17-18 


17-19 


Select iki 
Ao A ¥, 
Bo B Data 


second 8-bit unit with inputs A2, output P., and control Pj. Show how to 
cascade the two packages in order to check for odd parity of a 16-bit word. 
Verify that the system operates properly if P,=1. Consider the four possi- 
ble parity combinations of Ai and Ae. 

(b) Show how to cascade three units to obtain the parity of a 24-bit word. 
Should P{ = 0 or 1 for odd parity? 

(c) Show how to cascade units to obtain the parity of a 10-bit word. 

Draw a logic diagram of a 4-to-10-line decoder using or gates instead of anp 
gates. 

Draw a logic diagram for a 3-to-8-line decoder. 

Explain how to convert a 4-to-10-line decoder unit into a 3-to-8-line decoder. 
Draw a logic diagram for an 8-to-1-line multiplexer. 

Write the Boolean expression for the output Y of a 4-to-1-line multiplexer 
with an enable input (Fig. 17-20). 

The block diagram shows two data selectors beiug used to select 1 out of 
32 data inputs. Explain the operation of the system. 


Output 
cc 


Co Csselector 2 
D #2 


X xX Xu Xs 
Second 16 inputs 


X x, Xy Xs 
Enable First 16 inputs 
EO 
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Design an encoder satisfying the following truth table, using a diode matrix. 


Inputs Outputs 


Ws We Wi Wo| Ys Yo Yi Yo 


rFooeo 
oOroo 
roOor 
oror 
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(a) Design an encoder, using multiple-emitter transistors, to satisfy the fol- 
lowing truth table. (6) How many transistors are needed and how many emit- 
ters are there in each transistor? 


Inputs Outputs 


W. Wy, Wo Y, Y; Yo ¥, Yo 


A block diagram of a three-input (A, B, and C) and eight-output (Fo to ¥,) 
decoder matrix is indicated. The bit VY, is to be 1 (5 V) if the input code is 110 
corresponding to decimal 6. (@) Indicate how diodes are to be connected to 
line Ys. (0) Repeat for Yo, ¥i, and Y;. 


5V 


Prob. 17-21 


4 


[ | 


17-22 


17-23 


17-24 
17-25 


O00 fe] 
HH Has YY, Y 


(a) Write the expressions for ¥, and Y, in the binary-to-Gray-code converter. 
(b) Indicate how to implement the relationship for Y; with diodes. 

(a) Give the relationships between the output and input bits for the Gray- 
to-binary-code translator for Y; and Y». 

(6) Indicate how to implement the equation for Y; with transistors, 

Minimize the number of terms in Bq. (17-28) and obtain Eq. (17-24). 

(a) Write the sum-of-products canonical form for Y, of Table 17-5 for the 
seven-segment indicator code. 

(b) Verify that this expression can be minimized to Y, = A + CB. 
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17-27 


17-28 


17-29 


17-30 


17-31 


17-32 


17-33 


17-34 
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How many aNbD, or, and Not gates are required if a three-input adder is imple- 
mented with an ROM? Compare these numbers with those used in a full- 
adder chip. 

(a) Verify that it is not possible for both outputs in Fig. 17-274 to be in the 
same state. 

(b) Verify that if S = 0 and & = 1 in Fig. 17-278, the latch is reset to Q = 0. 
(c) If S = R = 0, verify that the state of the latch is undetermined (it could 
be either Q = lor Q = 0). 

(d) If S = R =1, verify that both outputs would go to 1. Is this a valid 
situation? . 

Draw the logic diagram for an S-& ruip-FLoP using AOI gates instead of NAND 
gates. 

The excitation table for a J-K ruip-rLop is shown. An X in the table is to be 
interpreted to mean that it does not matter whether this entry is a 1 or a 0. 
It is referred to asa “don’t care” condition. Thus the second row indicates that 
if the output is to change from 0 to 1, the / input must be 1, whereas K can be 
either 1 or 0. Verify this excitation table by referring to the truth table of 
Fig. 17-296. 


0 0 0 xX 
0 1 i x 
1 0 x 1 
1 cf x 0 


Verily that the J-K riip-FLop truth table is satisfied by the difference equation 
Qn4i = JnQn + RQ. 


(a) For the J-K Frurp-riop of Fig. 17-30, verify that for Cr = 1, Pr = 0, and 
Ck = 0, the 1 state is preset independent of the values of 7, and K,. 

(6) Repeat part (a) for Ck = 1, provided that J, = K, = 0. 

(ec) Verify that Cr = Pr = Ck =0 leads to an indeterminate state; i.e, it 
may be 0 or 1. 

(a) Verify that there is no race-around difficulty in the J-K circuit of Fig. 
17-30 for any data input combination except J = K = 1. 

(b) Explain why the race-around condition docs not exist (even for J = K 
provided that it, < At < T. 

(a) For the master-slave /J-K Fi1p-FLop of Fig. 7-31 assume Q = 1, @ = 0, 
Ck =1, K =0, and J arbitrary. What is Qa? 

(b) If K changes to 1, what is Qar? 

(c) If K returns to 0, what is Qir? Note that Qs: does nef return to its initial 
value. Heuce & (and /) must not vary during the pulse. 


1) 


The indicated waveforms J, K, and Ck are applied to a J-K furp-FLop. Plot 
the output waveform for Q and Q lined up with respect to the clock pulses. 
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17-35 


17-36 


17-37 


17-38 


Clock 


Notr: Assume that the output Q = 0 when the first clock pulse is applied 
and that Pr = Cl=1. 


(a) Verify that an S-R Fruip-riop is converted to a T type if 8 is connected to 
Q and R to Q. 

(b) Verify that a D-type riip-FLop becomes a T type if D is tied to @. 
Augment the shift register of Fig. 17-34 with a four-input Nor gate whose out- 
put is connected to the sertal input terminal. The nor-gate inputs are Q., 
Qs, G2, and Q,. 

(a) Verify that regardless of the initial state of each FLip-FLoPp, when power is 
applied, the register will assume correct operation as a ring counter after P clock 
pulses, where P < 4. 

(d) If initially Q1 = 1, @s = 1, Q2 = 0, Q: = 0, and Qo = 1, sketch the wave- 
form at Qo for the first 16 pulses. 

(c) Repeat part b if Q, = 0, Qs = 1, Q2 = 0, Q: = 0, and Q) = 0 

(2) Draw a waveform chart for the twisted-ring counter; i.e., indicate the 
waveforms Qs, Qa, Qz, Qi, and Qo for, say, 12 pulses. Assume that initially 
Qo = G1 = Q2 = Qs = Qa = 0. 

(6) Write the truth table after each pulse. 

(c) By inspection of the table show that two-input aNp gates can be used for 
decoding. For example, pulse 1 is'decoded by Q.Q3. Why? 


(a) For the modified ring counter shown, assume that initially @) = 1, Q, = 0, 
and Q@2= 0. Make a table of the readings Qo, Qi, Qz, Jz, and K» after each 
clock pulse. How many pulses are required before the system begins to operate 
as a divide-by-N counter? What is N? 

’) Repeat part (a) if initially Qo = 1, Q; = 0, and Q. = 1 


Qo 


Prob. 17-38 
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17-39 A 50:1 ripple counter is desired. (a) How many Fuip-rLops are required? 
(b) If 4-bit ruip-FLops are available on a chip, how many chips are needed? 
How are these interconnected? 
(c) Indicate the feedback connections to the clear terminals. 
17-40 (a) Indicate a divide-by-14 ripple-counter block diagram. Include a latch in 
the clear input. 
(b) What are the inputs to the feedback nanp gate for a 153:1 ripple counter? 
17-41 Consider the operation of the latch in Fig. 17-38. Make a table of the quanti- 
ties Ck, Q1, Qs, Pi, Ck, and P2 = Cr for the following conditions: 
(a) Immediately after the tenth pulse. 
(b) After the tenth pulse and assuming Q, has reset before Qs. 
(c) During the eleventh pulse. 
(d) After the eleventh pulse. - 
This table should demonstrate that 
(a) The tenth pulse sets the latch to clear the counter. 
(b) The latch remains set until all rtrp-rLops are cleared. 
(c) The positive edge of the eleventh pulse resets the latch so that Cr=1. 
(d) The negative edge of the eleventh pulse initiates the new counting cycle. 
17-42 (a) The circuit shown is a programmable ripple counter. It is understood that 
J = K = Cr =1 and that the latch in Fig. 17-386 exists between P, and Po. 
- Uf Pro = Pr: = land Pre = Pr; = 0, whatisthecountN? Explain the oper- 
ation of the system carefully. 
(b) Why is the latch required? 
(c) Generalize the result of part (a) as follows. The counter has 7 stages 
and is to divide by N, where 2" > N > 2"-1, How must the preset inputs be 


programmed? 
Preset Pry Pr, Pr, Pry 
; — Oo 
enpits a - Preset 


enable 


Prob. 17-42 


17-43 Draw the logic diagram of a 5-bit up-powNn synchronous counter with series 
carry. 

17-44 For the logic diagram of the synchronous counter shown, write the truth table 
of Qo, Qi, and Q2 after each pulse and verify that this is a 5:1 counter. 


884 / INTEGRATED ELECTRONICS App. C 


Pulses 
Oo 
Prob, 17-44 
17-45 Consider a two-stage synchronous counter (both stages receive the pulses at 


the Ck input). In each counter K = 1. If Jo= @: and J, = Qo, draw the 
circuit. From a truth table of Qo and @: after each pulse, demonstrate that 
this is a 3:1 counter. 


17-46 Draw the waveform chart fora 6:1 divider from Fig. 17-36 and deduce the con- 
nections for a synchronous counter. Draw the logic block diagram. 

17-47 Solve Prob. 17-46 for a 5:1 divider. 

17-48 (a) Verify that the circuit of Fig. 17-44 performs the function of a NAND gate. 
Let the voltage levels of V; and V2 be 0 V or —Vop. 

(6) Verify that this circuit dissipates less power than the corresponding circuit 
of Fig. 10-17. 

(ce) Draw the circuit of a dynamic nor gate corresponding to Fig. 10-8. Repeat 
parts a and 6 for this circuit. 

17-49 Show that in the four-phase shift-register stage of Fig. 17-48 there is no de 
current path to ground even when clocks g: and ¢» overlap or when clocks 
g3and d,s overlap. Assume that the input terminal is maintained at zero volts. 

17-50 Draw the logic diagrams of a recirculating or refresh memory to store 512 
words each 4 bits long, using the TI 3309JC (shown in Fig. 17-49) as the basic 
building block. Input data are available in parallel form, and data output 
must be presented also in parallel form. 

17-51 Draw a 16-word 4-bit RAM matrix using the basic 1-bit RAM of Fig. 17-52 
and using linear selection. 

17-52. The figure shows a 64-word 1-bit RAM with ou-chip decoding. The memory 
accepts a 6-bit address word. Using the above memory unit as a building 
block, construct a 64-word by 4-bit memory. 

Input 
o | oO—— Prob, 17-52 
Fy O 64x 1 Output 
3) O—_ bit RAM 
to} go _) 
G21 
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17-53 


17-54 


17-55 
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The figure shows a 16-bit coincident memory matrix. A specific bit is selected 
by applying a logic 1 to the coincident Y and Y address lines. 

(a) Draw the diagram of a 16-word by N-bit memory (each word N bits long) 
using the above RAM as the basic building block. 

(b) What determines the maximum value of N in this configuration? 


XX, X, X; 


Th] 


Write 1 o—_ +———O Sense 1 


16 x L bit RAM 
Write 0 O—_ [© Sense 0 


Prob. 17-53 


y, ¥, ¥, ¥, 


(a) For the D. A converter of Fig. 17-60 show that when the second most sig- 
nificant bit is 1 and all other bits are zero, the output is V, = Vr/4. 
(b) Find VY, if only the third ISB is 1. 
(c) Find V, if only the LSB is L. 
The figure shows a binary weighted resistor D, A converter. 
(a) Show that the output resistance is independent of the digital word and that 
QN-1 
a=] 
(b) Show that the analog output voltage for the most significant bit is 
Qn-1 
y= y 
ee a 
(c) Show that the analog output voltage for the least significant bit is 
1 


== Ve 


Qy = 1 


R= 


i 


Prob, 17-55 
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17-56 Modify the block diagram of Fig. 17-64 to display / lines of N characters 
each on the face of a CRT. 

17-57 The circuit shown consists of two cross-coupled NaND gates. The coupling from 
the output of NV; to the input of 12 is direct (de), whereas resistance-capacitance 
(ac) coupling is used from the output of N2 to the input of Ni. Positive TTL 
logic is used and the levels are 0 and Vcc. Assume that a NAND gate changes 


Prob. 17-57 


state when its input voltage falls below V (~1.6 V fora TTL gate). Neglect 
the drop across the clamping diode D. The input 2; is at Vee and at i = 0 
drops to 0 V for a short time ¢,; that is, a negative narrow pulse is applied. 
(a) Verify that the circuit behaves as a monostable multivibrator by drawing 
the waveforms vp and 0. 

(6) Find the duration T of the output pulse, assuming T > t,. 


CHAPTER 18 


18-1 (a) Nonlinear distortion results in the generation of frequencies in the output 
that are not present in the input. If the dynamic curve can be represented 
by Eq. (18-6), and if the input signal is given by 


t= [1 cos wit + [2 cos wot 


show that the output will contain a de term and sinusoidal terms of frequency 
1, We, 201, 2w2, wi - we, and w, — we. 

(b) Generalize the results of part a by showing that if the dynamic curve must 
be represented by higher-order terms in %, the output will contain intermodu- 
lation frequencies, given by the sum and difference of integral multiples of 
w, and we, for example, 20; + 2we, 2, + we, 3w: + we, ete. 

18-2 A transistor supplies 0.85 W to a 4-K load. The zero-signal de collector cur- 
rent is 31 mA, and the de collector current with signal is 34 mA. Determine 
the percent second-harmonic distortion. 

18-3 The input excitation of an amplifier is 4 = 7. sin wt. Prove that the out- 
put current can be represented by a Fourier series which contains only odd 
sine components and even cosine components. 


18-4 Supply the missing steps in the derivation of Eqs. (18-18). 
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18-5 Obtain a five-point schedule for determining Bo, Bi, Bo, Bs, and Bg in terms of. 
Tmax) 19.107, Tc, T-o.107, aNd Tine 
18-6 The p-n-p transistor whose input and output characteristics are given in Fig. 
18-5 is used in the circuit of Fig. 18-4, with R, = 0 and RL = (Ni ‘N2)?Rr = 
10 9. The quiescent point is Jc = —1.1 A and Veg = —7.5 V. The peak- 
to-peak 2,000-Hz sinusoidal base-to-emitter voltage is 140 mV. 
(a) What is the fundamental current output? 
(b) What is the pereent second-, third-, and fourth-harmonic distortion? 
(c) What is the output power? 
(d@) What is the rectification component B, of the collector current? 
Neglect any changes in the operating point. 
18-7. Verify the data plotted in Fig. 18-6 for Ry, = 20 ©. 
18-8 For the operating conditions indicated in Fig. 18-5, calculate the fundamental 
power P, for (a) Ry, = 5, (0) Ry = 302. 
18-9 Repeat Prob. 18-6, but now assume a current drive (large R,) so that the base 
current is sinusoidal, with a peak-to-peak value of 30 mA. 
18-10 A power transistor operating class A in the circuit of Fig. 18-4 is to deliver 
a maximum of 5 W toa4-@ load (R, = 42). The quiescent point is adjusted 
for symmetrical clipping, and the collector supply voltage is Vee = 20 V. 
Assume ideal characteristics, as in Fig. 18-7, with Vii, = 0. 
(a) What is the transformer turns ration = Na/N,? 
(b) What is the peak collector current In? 
(c) What is the quiescent operating point Ic, Ves? 
(2) What is the collector-circuit efficiency? 
18-11 Draw three transistor collector characteristics to correspond to base currents 
Te + Iom, Iz, In — Ibm. Draw the load line through the point te = 0, 0ce = 
Vee, and the quiescent point iz = Iz, tc = Ie, and tcz = Ve. This corre- 
sponds to a series-fed resistance load. 
(a) Assuming that the input signal is zero, indicate on the ic-ver plane the areas 
that represent’ the total input power to the collector circuit, the collector dissi- 
pation, and the power loss in the load resistance. 
(b) Repeat part a if the input signal is sinusoidal, with a peak value equal to 
Tym. Also, indicate the area that represents the output power. 
(c) The ratio of what two areas gives the collector-circuit efficiency? 
(d) Repeat parts a to ¢ fora shunt-fed load. Assume that the static resistance 
is small but not zero. 
18-12 Ina push-pull system the input (base current) to transistor Qlisa. = Xn COS wt, 


and the input to transistor Q2 is z2 = —X, cos wi. The collector current in 
each transistor may be expressed in terms of the input excitation by a series of 
the form 


to = Ie tae + aoe? + agit: 


(a) With the aid of this series, show that the output current contains only odd 
cosine terms. 

(b) Show that the collector supply current contains only even harmonics, in 
addition to a de term. 
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18-13 


18-14 


18-15 


18-16 


18-17 


18-18 


18-19 


18-20 


18-21 


18-22 


Prove, without recourse to a Fourier series, that mirror symmetry [Eq. (18-37)] 
exists in a push-pull amplifier. Start with 7 = k(t — %2) and make use of Eq. 
(18-34). 

A single transistor is operating as an ideal class B amplifier with a 1-K load. 
A de meter in the collector circuit reads 10 mA. How much signal power is 
delivered to the load? / 


Given an ideal class B transistor amplifier whose characteristics are as in Fig. 
18-9. The collector supply voltage Wee and the effective load resistance Ri, = 
(N1,'N2)?Rz are fixed as the base-current excitation is varied. Show that the 
collector dissipation Pe is zero at no signal (Vn = 0), rises as V_ increases, and 
passes through a maximum given by Eq. (18-42)] at Vin = 2Vec/r. 


The idealized push-pull class B power amplifier shown in Fig. 18-8 has Ry = 0, 
Vee = 20 V, Ne = 2M, and R, = 20 Q, and the transistors have Are = 20. 
The input isa sinusoid. For the maximum output signal at V,, = Vec, deter- 
mine (a) the output signal power, (0) the collector dissipation in each transistor. 


The power transistor whose characteristics are shown in Fig. 18-5 is used in the 
class B push-pull circuit of Fig. 18-8, with Re = Oand —Vee = —20V. Ifthe 
base current is sinusoidal, with a peak value of 20 mA and RL = (M\/N2)?R, = 
15Q, calculate (a) the third-harmonic distortion, (b) the power output, (c) the 
collector-circuit efficiency. 


Repeat Prob. 18-17, using —Vee = —15 V, Ry =7.5Q, and a peak base current 
of 30 mA. 


The power transistor whose characteristics are shown in Fig. 18-5 is used in 
the class B push-pull circuit of Fig. 18-8, with R. = Oand — Vee = —20 Vand 
Ri, = 159. Tf the base voltage is sinusoidal, with a peak value of 0.4 V, plot 
the output collector current. Note the crossover distortion. 


Sketch the circuit of a push-pull class B transistor amplifier in the common- 
collector configuration (a) with an output transformer, (b) without an output 
transformer. 


Discuss the push-pull complementary circuit of Fig. 18-11. In particular, show 
that no even harmonics are present: 


The circuit shown represents a transformerless class B single-ended complemen- 
tary-symmetry push-pull power amplifier. Transistors Q2 and Q3 are matched 
silicon devices, with hrz ~ hy. = 100 and h;, = 502. Q1 is a silicon transistor 
whose small-signal 4 parameters are given in Table 8-2, and Arg = 50. 

(a) Explain the operation of this circuit. Note especially the role of the capaci- 
tor C2. Neglect the reverse saturation currents. 

(6) Calculate the quiescent currents in all the resistors, and determine the value 
of R; so that 


\Veesl = [Vex 


(c) Find the output resistance #,, assuming ideal class B operation. 
(d) Calculate the maximum power that can be delivered to the 8-2 speaker. 
Take the output resistance R, into account, and assume Versa © 0. 

Hint: In parts ¢ and d, assume that for class B operation Ry = 0. 
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o+20V 


Prob, 18-22 


Verify Eqs. (18-57) and (18-58). 

Find the output resistance of the series-regulated power supply as given by 
Eq. (18-59). Hinr: Short-circuit the input, V; = 0, and derive the expression 
for the output current, using an auxiliary voltage source. 


Design a regulated power supply as shown in Fig. 18-17 with the following 
specifications: 


Nominal unregulated input voltage V; = 30 V and7z, = 8 Q 
Nominal regulated outout voltage V, = 12 V 

Maximum load current Jz,max = 200 mA 

Control transistor Q1 (silicon): hrz = hye = 100, Aye = 200 O 
Amphiier transistor Q2 (silicon): hrz = hy. = 200, Ay = 1 K 
Reference avalanche diode D: Ve = 6 V, R, = 10 Qat J, = 20 mA 


(a) Sketch the complete circuit and obtam reasonable values for Ri, R2and R3. 
(b) Calculate the voltage stabilization factor Sy. 

(c) Calculate the output resistance R,. 

In the circuit of Fig. 18-18, the control transistor Q1 is replaced by a Darlington 
pair Q1-Q3. The junction of R, and the collector of Q2 is connected to the 
base of Q3. 

(a) Discuss the possible improvement in Sy over the value for the circuit of 
Fig. 18-18. 

(b) Show that the output resistance is 


: Rat hyeshier 
a Nyerlites 
~ L+ Gn(Ba + 1) 


rT + 
Ro 


where G,, is as given by Eq. (18-57). 


Repeat Prob. 18-25 using the circuit of Prob. 18-26. Assume that Q2 and 
Q3 are identical. 
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18-28 The circuit shown employs a Zener diode preregulator. 
(a) Explain carefully the operation of the circuit. 
(6) Obtain an approximate expression for the input regulation factor Sy. 
Hint: Assume AV, ~ 0 when AV; >> AY,. 


Prob. 18-28 


18-29 Sketch the circuit of a regulated semiconductor power supply whose output 
is positive with respect to ground, using (a) p-n-p transistors, (6) complementary 
transistors. : 

18-30 Sketch the circuit of a regulated semiconductor power supply whose output 
is negative with respect to ground, using (a) p-n-p transistors, (0) n-p-n transis- 
tors, (c) complementary transistors. 

18-31 If the V-I characteristic of the p-n-p-n diode is as shown, calculate and plot 
the output voltage »,. Show all critical voltage and time values. 


© Voc = 200 V 
i, mA 


Prob. 18-31 
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The circuit of Fig. 18-31 is adjusted so that conduction commences 90° after 
the start of each positive half cycle of applied voltage. The SCR voltage drop 
is negligible. The applied voltage is 300 V sinusoidal rms, and the load is a 50-{ 
resistor. Calculate 

(a) The de load current. 

(b) The power dissipated by the load. 

(c) The rms load current. 

The circuit of Fig. 18-34 is adjusted so that the conduction angle is 60°. The 
rectifier and SCR voltage drops when conducting are negligible. The applied 
voltage is 300 V rms, and the load is a 10-0 resistor. Calculate 

(a) The reading of a true rms reading ammeter in series with the load. 

(b) The reading of a de ammeter in series with the load. 

(c) The reading of a true rms reading voltmeter across the load. 

(d) The reading of a de voltmeter across the load. 

(e) The de load power. 

(f) The total power dissipated by the load resistor. 

The SCR is used to control the power delivered to the 50- load by the sinusoidal 
source. If the gate supply Vee is adjustable: 

(a) Over what range may the conduction angle of the SCR be continuously 
varied ? 

(b) Over what range may the load de current be continuously varied if the 
frequency is 60 Hz? 


502 A 


100 sin wt 
Prob, 18-34 


The circuit shown is used to control the power dissipated in the 10-2 load 
resistor. Assume that the bilateral switching diode has a breakdown voltage 
of +2.8 Vand that the holding voltages of the diode and the triac are negligible. 


R,, 
WIN OTs 
102 
100 K 
+ 
Prob, 18-35 G 
— | v = 300-72 ain wt 
0.1 uF 


OT; 
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The applied sinusoidal voltage is 300 V rms, at 60 Hz. 

(a) Compute the conduction angle. 

(b) Draw the waveform of the voltage applied to the load. 
(c) Cote the total power dissipated by the load resistor. 


CHAPTER 19 


19-1 


19-2 


19-3 


19-4 


19-5 


19-6 


19-8 


19-9 


19-10 


The specific gravity of tungsten is 18.8, and its atomic weight 184.0. Assume 
that there are two free electrons per atom. Calculate the numerical value ofn 
and Hr. 

How many electrons per cubic meter in metallic tungsten have energies between 
8.5 and 8.6 eV (a) at 0°K, (b) at 2500°K? 

(a) Calculate the maximum energy of the free electrons in metallic aluminum 
at absolute zero. Assume that there are three free electrons per atom. The 
specific gravity of aluminum is 2.7. 

(b) Repeat part @ for the electrons in metallic silver. The specific gravity of 
silver is 10.5. Assume that there is one free electron per atom. 


(a) Show that the average energy K,, of the electrons in a metal is given by 
ei fE dne 
J dng 


(0) Prove that the average energy at absolute zero is 3H r/5. 

If the emission from a certain cathode is 10,000 times as great at 2000 as at 
1500°K, what is the work function of this surface? 

(a) If the temperature of a tungsten filament is raised from 2300 to 2320°K, 
by what percentage will the emission change? 

(6) To what temperature must the filament be raised in order to double its 
emission at 2300°K? 

Prove that the fractional change in thermionic current is given by 

ali, (2 #2) aT 

Ta  kP/ o 

If 10 percent of the thermionic-emission current is collected, what must be the 
retarding voltage at the surface of the metal? The filament temperature is 
2000°K. 

What fraction of the thermionic current will be obtained with zero applied 
voltage between the cathode and anode of a diode? The work function of the 
cathode is 4.50 V, and the work function of the anode is 4.75 V. The cathode 
temperature is 2000°K. 

A plane cathode having a work function of 3.00 V is connected directly to a 
parallel-plane anode whose work function is 5.00 V. The distance between 


anode and cathode is 2.00 cm. If an electron leaves the cathode with a normal- 
to-surface velocity of 5.93 < 105 m, 8, how close to the anode will it come? 
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19-13 


19-14 
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A diode has an oxide-coated cathode operating at a temperature of 1000°K. 
With zero plate voltage the anode current is essentially zero, indicating that the 
contact potential is high enough to keep most of the electrons from reaching 
the plate. The applied voltage is increased so that a small current is drawn. 
Show that there is a tenfold inercase in current for every 0.2-V inercasc in 
voltage. : 

A diode with plane-parallel electrodes is operated at a temperature of 1500°K, 
The filament is made of tungsten, the area being sueh that a thermionic current 
10 wA is obtained. The contact difference of potential between cathode and 
anode is 0.5 V, with the cathode at the higher potential. 

(a) What current is obtained with zero applicd voltage? 

(®) What applied voltage will yield a current of 1 uA? 

(c) What fraction of the electrons emitted from this filament can move against 
an applied retarding field of 1 V? 

Indicate by Ictter which of the following statements are true: 

(a) The work function of a metal is always less than the potential barrier at the 
surface of a metal. 

(b) The potential barrier at the surface of a metal is a solid hill made up of the 
material of the metal. 

(ec) The ionic structure of a metal shows that the inside of the inctal is not an 
equipotential volume. 

(d) At absolute zero the electrons in a metal all have zero cnergy. 

(e) The ionic structure of a metal shows that the surface of a metal is not at a 
specific location. 

(f) For an electron to eseape from a metal, the potential barricr at the surface 
of the metal must first be broken down. 

(g) The distribution function for the electrons in a metal shows how many 
electrons are close to a nucleus and how many are far away. 

Indicate by letter which of the following statements are true: 

(a) The potential energy as a function of distance along a row of ions inside 
a metal varies very rapidly in the immediate ucighborhood of an ion but is 
almost constant everywhere else inside the metal. 

(6) The potential-energy barricr at the surface of a metal cannot be explained 
on the basis of the modern erystal-structure picture of a metal, but it can be 
explained on the basis of classical eleetrostaties (image forces). 

(ce) To remove any one of the free electrons from a nictal, it is necessary only 
to give this electron an amount of energy equal to the work function of the 
metal. 
(d) The symbol Fy used in the energy distribution function represents the 
maximum number of free electrons "per cubic meter of metal at absolute zero. 
(e) The area under the energy distribution curve represents the total uumber 
of free electrons per cubie meter of metal at any temperature. 

(f) The Dushman equation of thermionic emission gives the current that is 
obtained from a heated eathode as a function of applied plate voltage. 
Evaluate n given by Iq. (19-29). Hrvr: Refer to a table of definite integrals, 
Verify the expression for p in Eq. (19-35). Hunt: Refer to a table of definite 
integrals. 
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19-17 


19-18 


19-19 


19-20 


19-21 


19-22 


19-23 


19-24 


19-25 


If the effective mass of an electron is equal to twice the effective mass of a hole, 
find the distance (in electron volts) of the Fermi level in an intrinsic semicon- 
ductor from the center of the forbidden band at room temperature. 

(a) Verify the numerical values in Eqs. (19-41) and (19-42). 

(6) From Eq. (19-42) and the numerical values given in Table 2-1 evaluate 
Mam,/m*. 

(a) Prove that the fractional change in the conductivity of an intrinsic semi- 
conductor is given by 


da dn; _ G 4 re aT 

cM 2° 2RT) T 
(b) Using the result of part (a), show that the conductivity of Ge (Si) at room 
temperature increases approximately 6 (8) percent per degree increase in 
temperature. 
(a) In n-type germanium the donor concentration corresponds to 1 atom per 
108 germanium atoms. Assume that the effective mass of the electron equals 
one-half the true mass. At room temperature, how far from the edge of the 
conduction band is the Fermi level? Is Er above or below Ee? 
(>) Repeat part (a) if impurities are added in the ratio of 1 donor atom per 108 
germanium atoms. 
(c) Under what circumstances will Er coincide with Ee? 


(a) In p-type silicon the acceptor concentration corresponds to 1 atom per 108 
silicon atoms. Assume that m, = 0.6m. ‘At room temperature, how far from 
he edge of the valence band is the Fermi level? Is Er above or below Ey? 
b) Repeat part (a) if impurities are added in the ratio of 1 acceptor atom per 
5 X 103 silicon atoms. 

(c) Under what condition will Fr coincide with Fy? 

n n-type silicon the donor concentration is 1 atom per 2 X 108 silicon atoms. 
Assume that the effective mass of the electron equals the true mass. At what 
temperature will the Fermi level coincide with the edge of the conduction band? 


n p-type germanium at room temperature (300°K), for what doping concentra- 

tion will the Fermi level coincide with the edge of the valence band? Assume 
p = 0.4 m. 

(a) A germanium tunnel diode has impurity concentration at the p side of 3 

parts in 10° atoms, and at the side of 2 parts in 103 atoms. Itm, = mp = 

0.4 m, calculate Zo, E,, and Er — Ee, of this diode. 

(6) Draw the energy bands for this diode using the results of part (a). 

(a) A region of a semiconductor has a one-dimensional current flow in the z 

direction, with current density / A,’m?, due entirely to the hole-concentration 

gradient. J is constant with x and time; at z = 0, the hole concentration is 

p(0). Find the hole concentration as a function of 2. Recombination, field 

due to the stored charge, and conductivity modulation are all neglected. (This 

situation corresponds to the base region in a step-graded p-n-p transistor.) 

(6) Now suppose that there is also an electric field of magnitude & V'm in 

the negative z-direction. The same constant current J flows, but the hole 

concentration is now p‘(0) atz = 0. Noting that J is the diffusion current less 
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the conduction current, show that (if & is independent of x) the hole concen- 
tration is 


J a 
p(t) = el Eo ais | = 
GMS Gip& 
and find z,. 


(c) Show that for small z the formula in part 6 reduces to 


ee eee i ee 
p(0) = p’(0) | +70 =| 


where D, is the diffusion constant for holes. 
(d) Sketch the results of parts (a) and (b) on the same axes for p’(0) > p(0). 
How do the slopes compare? 
(a) Let Q be the excess minority charge stored within a volume of cross section 
A and length L. If there is no electric field within this volume and if the cur- 
rent 7 flowing perpendicular to the section A is due exclusively to minority- 
carrier diffusion, show that the stored charge @ satisfies the equation 
#0, 0_, 
dt T 
where 7 is the mean lifetime of the minority carriers. 
(b) Show that the steady-state current is 


Lag — Q 

5 

A semiconductor diode carries a de current I in the forward direction. At 

t = 0+ the current is changed abruptly to —Jx. Show that the time ¢, required 
for the removal of the excess minority-carrier charge Q, is 


n=rin(i +2) 


where 7 is the mean lifetime of holes and electrons. Hunt: Use the results of 
Prob. 19-26 and note that att = 0, Q@ = Q@, = Tir. 

(a) Verify Eq. (19-91). 

(vb) Calculate [d(In I,)]/d¥ for Ge and Si (for rated current). 

(a) Consider a diode biased in the forward direction at a fixed voltage V. 
Prove that the fractional change in current with respect to temperature is 


(b) Find the percentage change in current per degree centigrade for Ge at 
V = 0.2 V and for Si at V = 0.6 V. 


Carry out in detail the derivation of the dynamic diffusion capacitance outlined 
in Sec. 19-12. 


Verify Eq. (19-117). 
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19-32 


19-33 


19-34 


19-35 


19-36 


19-37 


(a) If it is not assumed that I”, Lp << 1, prove that Eqs. (19-114) and (19-116) 
remain valid provided that 


Pro W  Duneo 
= Aq( D cot } 
at i( a le as 
ie W 
Qe = Ay, = —AgD, = esch — 
Les B 
Pno IV Dyneo 
Qn, = Ag| D,— coth — + — = 
22 r( a ‘0 Ls + is 


(6) Show that if W,Zs «1, these expressions reduce to those given by Eqs. 
(19-115) and (19-117). 

Using the results of Prob. 19-32a, verify thata = B*y, where y is given by Eq. 
(19-123) and 8* by Eq. (19-124). 


If W/Le {1, verify that Eqs. (19-125) and (19-126) follow from Eqs. (19-123) 
and (19-124), respectively. 


Starting with Eqs. (19-131) and (19-132) and assuming Ig >> Ico, prove that 


1+—(1-—a,) te ers 
‘ Te 


7 Se 
le l — RAE = Ic 
== h — 
a ( Tp an ) nee ( ic) 


where hye = ay/(1 — ay) and hpgr = a;,(1 — a7). Compare with Eq. (5-31). 
(a) The incremental resistance between collector and emitter for a grounded- 
emitter switch at constant base current may be computed as 


Ver = +Vrin 


d(Ve — Ve) 
Tz dl¢ 


Tp 


where Vg and V¢ are, respectively, the voltage drops across the emitter and eol- 
lector junctions. Using Eqs. (19-131) and (19-132), show that 


r V E Lae + pees | 
ae : avle — Tce ~ ay) + Ieo Ia + Ie(k — a1) + Ino 
(Op Ue tee wae ea 
av Tp 


Vr 1- Anas 
COE Ie oa <= 
Ip an 


(a) Show that J¢ is given approximately by 


[: es Tro( kh + 7a] beg 
Vr 


Ic om Tcer = 


Tzo(R + Pep: 


1 — ava; + (1 — ey) Vy 
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where 7». is the base-spreading resistance. Hinr: Assume that the collector 
junction is reverse-biased and that the emitter junction is slightly forward- 
biased. Take advantage of the approximations which are allowed because the 
forward bias is small. 

(6) A germanium transistor operating at room temperature has aw = 0.98, 
Ico = 2 pA, Teo = 1.6 pA, and my = 200 2. Calculate Ze for R = 0 and 
R= 0, 

(c) What value of & will give a collector current midway between the currents 
corresponding to a shorted and open base? 


Prob. 19-37 


19-38 Use the Ebers-Moll equations to show that the transconductance of a transistor 
in the active region is given by 


dlc 1 | — ae] Ie 
= le and 
Tv 


Un = Fe. 
Ve=const, Vv 1 — evar Vr 


adVe 


Hint: Assume ¢’e¥7 € 1, 


19-39 A type 2N404 germanium transistor is operated at room temperature in the CE 
configuration. The supply voltage is 6 V, the collector-circuit resistance is 
200 ©, and the base current is 20 percent higher than the minimum value 
required to drive the transistor into saturation. Assume the following tran- 
sistor parameters: Jeo = —5 pA, Izg = —2 pA, hee = 100, and Tow» = 250 Q. 
Find Vee, ant and Ves, agate 

19-40 The type 2N1708 double-diffused silicon transistor has parameters hrz = 80, 
hee: = 0.2, Te = 30 Q, and Teo = 13 nA and has a collector body resistance of 
6 Q. It operates with 7g = 1 mA and Jc = 10 mA. Find Vgz and Veg at 
room temperature. 


0 
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Absorption spectrum, 9-10 
Acceptor impurities, 26 
Acquisition time, 571 
Active filters (see Filters, active) 
Active region: 
common-base transistor configuration, 
129-130 
common-emitter, 1380~134 
Adder: 
analog, 538-539 
binary, 596-603 
full, 598-599 
half-, 596-597 
parallel, 597-598 
serial, 602-603 
as a subtractor, 604-605 
Age density, 727-728 
Alloy junction, 64 
Alloy-type transistor, 125 
Alpha: 
inverted, 145-146 
large-signal, 123, 757 
normal, 145-146 
Aluminum metalization, 201 
Amplification: 
current, 246, 248 
frequency response, 374-378 
time response, 382-385 
voltage, 247 
Amplification factor, FET, 319 
Amplifiers: 
antilog, 575-577 
applications, 373 
with automatic gain control, 560 


Amplifiers: 
bandwidth, 378 
of cascaded stages, 386-387 
bridge, 541 
cascaded transistor stages, 258-263, 
395-401 
bandwidth, 386-387 
high-frequency response, 395-401 
approximate analysis, 397-398, 
400-401 
low-frequency analysis, 258-263 
cascode, 560-567 
classification (A, AB, B, C), 372-378 
current, 409 
differential (see DIFF amp; Operational 
amplifier) 
direct-coupled, 540-541 
distortion (see Distortion) 
emitter follower (see Emitter follower) 
feedback (see Feedback amplifiers) 
frequency response, 374-378 
graphical analysis of CE configuration, 
233-237 
high 3-dB frequency, 377 
logarithmic, 574-575 
low 3-dB frequency, 376 
noise, 401-405 
operational (see Operational amplifier) 
oscillations, 471-472 
paraphase, 538 
phase response, 375-377 
power (see Large-signal amplifiers) 
push-pull, 690-698 
radio-frequency, 558-565 
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Amplifiers: 
RC-coupled, 388-389 
high-frequency response, 395-401 
low-frequency response, 389-394 
resistance-coupled (see RC-coupled 
above) 
rise time, 383-384, 388 
square-wave testing, 385 
step response, 382-385, 388 
summing, 538-539 
transconductance, 409-410 
transformer-coupled, 684-687 
transistor stage, 245-249, 263-274, 
356-367 
current gain, resistive load, 359-361 
effect of emitter bypass capacitor, 
391-395 
gain-bandwidth product, 365-367 
h-parameter analysis, 245-249, 
263-269 
low-frequency response, 889-395 
short-circuit current gain, 356-359 
short-circuit current-gain-bandwidth 
product, 358-359 
source impedance, effect on response, 
361-367 
transfer function, 361-365 
transresistance, 410 
tuned, 558-564 
upper 3-dB frequency, 377 
video, 565-567 
voltage, 408-409 
voltage follower, 540, 542-543 
Amplitude distortion, 374, 679-684 
Amplitude-distribution analyzer, 570 
Amplitude modulation, 114 
demodulator, 114-115 
modulator, 564-565 
Analog computation, 546-548 
Analog-to-digital converters, 665-667 
AND gate, 161-163 
AND-OR-INVERT {AOI) cireuit, 594-595 
Angstrom unit, 764 
Antilog amplifier, 575-577 
Aperture time, 571 
Aspect ratio, 648 
Asynchronous counters, 636-641 
Atom: 
Bohr-Rutherford model, 5-7 
energy-level diagram, 7-8 
excitation potentials, 8 
ionization potentials, 8 
radius, 7 
Atomie number, 12 


Atomic weight, 1~2, 12 
Attenuator, programmable, 665 
Automatic gain control, 560 
Avalanche breakdown, 74 
Avalanche diode, 73-77 

dynamic resistance, 75-76 

temperature characteristics, 75-77 

temperature compensated, 76 
Avalanche multiplication: 

in diodes, 74 

in transistors, 149-151 
Average detector, 573 
Avogadro’s number, 763 


Band-reject filter, 553-554 
Band structure of solids, 14-17 
Bandpass filter, 553-557 
Bandwidth, 357, 365-367, 378 
noise, 402 
Barkhausen criterion, 484 
Barrier capacitance, 63-67 
potential, 4, 51 
Base diffusion, 201 
Base-spreading resistance, 138 
Base width, 128 
Base-width modulation, 128-129 
Beam leads, 225-227 
Beta: 
in feedback amplifiers, 411-414 
of transistor, 1338, 1438, 144 
Bias: 
compensation, 299-303 
emitter, 287-290 
FET, 335-339 
against device variation, 336-338 
fixed-, 284-285 
for linear integrated circuits, 301-302 
self-, 287-290, 335-336 
stability, 285-287, 290-299 
transistor high-input-resistance circuits, 
276-278 
Bias curve, 288 
Binary (see FLIP-FLOPS) 
Binary addition (see Adder, binary) 
Binary-coded-decimal (BCD) system, 610 
Binary counters (see Counters) 
Binary number system, 156-159 
Binary subtraction, 604 
Bistable multivibrators (see FLIP-FLOPS) 
Bode plots, 378-382 
Bohr atom, 7 
Boltzmann constant, 763 
Boltzmann relationship, 44 


Bond: 
covalent, 22 
electron-pair, 22 
Boolean algebra, 156 
canonical] form of expressions, 599 
identities, 161, 163, 166, 171-175 
Bootstrapping, 277-278 
Breakdown diode, 73-77 
Breakdown voltages in transistors, 149-151 
Breakover voltage, 708 
Bridge amplifier, 541 
Buried layer, 212-213 
Butterworth filters, 549-553 
Butterworth polynomials, 549-550 


Canonical form of Boolean expressions, 599 
Capacitance: 
barrier (see Barrier capacitance) 
diffusion: dynamic, 70-71, 753-754 
static, 69-70 
input, amplifier (see Input admittance) 
parasitic: in integrated circuits, 199-201 
in MOS logic circuits, 648 
space-charge, 63-67 
storage, 69-71 
transition, 63-67 
Capacitor, bypass electrolytic. 394 
Capacitor filters, rectifier, 109-114 
Carriers in semiconductors, 22-24 
Carry look-ahead, 642-643 
Cascaded amplifiers (see Amplifiers, 
cascaded transistor stages) 
Caseode amplifier, 560-567 
Cathode-ray-tube displays, 667-671 
Character generators, 667-671 
Characteristic curves: 
LS222 (photodiode), 83 
L5223 (photodiode), 83 
MRD 450 (silicon -p-x phototransistor), 
152 
1N77 (germanium photodiode), 80 
1N270 (p-n germanium diode), 59 
1N3605, 1N8606, 1N3608, 1N3609 (silicon 
p-n diodes), 59-60 
2N404 (germanium p-n-p transistor), 137 
2N708 (silicon 2-p-1), 286 
Charge-control description of diode, 67-69 
Circuit notation conventions, 234-235 
Circulating memory, 635 
Clamping circuits: 
diode, 115 
operational amplifier, 572 
precision, 572 
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Clipping circuits: 
diode, 93-99 
operational amplifier, 568-569 
Code converters, 617-620 
Colpitts oscillator, 492 
Common-base configuration, 126-130, 254, 
267 
Common-colleetor configuration, 145, 254, 
265-267 
(See also Emitter follower) 
Common-emitter configuration, 130-139, 
254, 263-265 
Common-mode rejection ratio, 505-506 
Common-mode signal, 505 
Comparator: 
digital, 605-608 
diode, 99-100 
operational amplifier, 568-570 
regenerative, 583-585 
Compensation: 
bias, 299-303 
dominant pole, 477-478, 527-528 
of feedback amplifiers, 475-483 
lag-lead, 478-480 
lead, 531-534 
Miller effect, 529-531 
by modification of feedback network, 
480-483, 531-534 
of operational amplifiers, 527-534 
pole-zero, 478-480, 528-531 
Complementary error function, 204-206 
Complementary MOS, 332 
Complementary-symmetry transistors, 695 
Concentration in semiconductor, 735-739 
Conduction angle, 720 
Conduction band, 16 
Conductivity, 19-22 
in semiconductors, 28 
Conductivity modulation, 32-35 
Conservation of electric charge, 40 
Constant current source, 508-509 
Constants, table of, 763 
Contact potential, 45 
Continuity equation, 39-40, 746-747 
Conversion: 
ac-to-de, 571-574 
(See also Rectifier circuits) 
analog-to-digital, 665-667 
BCD-to-decimal, 610-611 
BCD-to-seven segment, 621-623 
binary-to-Gray, 617-620 
code, 617-620 
current-to-voltage, 540 
decimal-to-binary, 158 
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Conversion: 
digital-to-analog, 661-665 
Gray-to-binary, 617-620 
parallel-to-serial, 613, 634 
serial-to-parallel, 633 
voltage-to-current, 539-540 
Conversion efficiency, 688 
Conversion factors, 764 
Converters (see Conversion) 
Counters: 
applications, 645-647 
asynchronous, 636-641 
earry look-ahead, 642 
carry propagation delay, 641 
decade, 689-640, 643-645 
divide-by-N, 635, 639-641, 645-646 
Johnson, 636 
parallel carry, 642-643 
reversible, 638-639 
ring, 635-636 
ripple, 636-641 
series carry, 641-642 
synchronous, 641-645 
twisted-ring, 636 
up-down, 638-639, 643 
Covalent bond, 22-23 
Critical wavelength, 34 
Crossover distortion, 696 
Crossovers, 222 
Crystal oscillator, 495-496 
Current density, definition, 19-22 
Current gain, 123-124, 138-139, 143-144, 
241, 246, 248, 356-359 
Current-gain-bandwidth product, 358 
Current-to-voltage converter, 540 
Cutin, capacitor filter, 111 
Cutin voltage: 
diode, 59-60 
transistor, 139-142 
Cutoff region: 
common-base configuration, 130 
common-emitter, 184-136 
Cutout, capacitor filter, 111 


D-type FLIP-FLOP, 6380-631 
Damping factor, 453, 549 
Darlington circuit, 274-279 
bootstrapped, 277-279 
De current gain of transistor, 138-139, 144 
Decade counters: 
asynchronous, 639-640 
synchronous, 643-645 
Decimal-to-binary conversion, 158 


Decoders, 609-612 
BCD-to-decimal, 610-611 
lamp driver, 612 
seven-segment, 621-623 
Delay angle, 716 
Delay equalizer, 557-558 
Delay line, digital, 685 
Delay time, 454 
DeMorgan’s laws, 173-175 
Demultiplexer, 611-612 
Density of states, 730-731 
Depletion region, 51 
Dielectric constant: 
germanium, 29 
silicon, 29 
Dielectric isolation, 225 
DIFF AMP: 
common-mode rejection ratio, 505-506 
common-mode signal, 505 
with constant current source, 508-509 
direct-coupled, 540-541 
in logie circuits, 586-590, 
as a multiplier, 578 
transfer characteristics, 510-512 
Differential amplifier (see DIFF AMP; 
Operational amplifier) 
Differentiator, 546 
Diffused resistors, 216-218 
Diffusion, 38-39 
apparatus, 207-208 
base, 201 
capacitance: dynamic, 70-71, 753-754 
static, 69-70 
coefficients, 207 
constant, 39 
current, 38-39, 42-43 
emitter, 201 
of impurities, 204-209 
isolation, 199-201 
law, 204 
length, 41-42 
Diffusion-type transistor, 125-126 
Digital-to-analog converters, 661-665 
multiplying, 665 
Diode: 
avalanche (see Avalanche diode) 
breakdown, 73-77 
catching, 98-99 
clamping circuits, 115 
clipping circuits, 93-99 
comparator, 99-100 
envelope demodulator, 114-115 
four-layer (see p-n-p-n below) 
integrated, 214-216 


Diode: 
light-emitting, 838-84 
logic, 159-163 
matrices, 614-617 
peak detector, 114-115 
photo-, 79-88 
multiple-junction, 152-153 
p-n junction, 49-86, 740-754 
band structure, 740-741 
charge control description of, 67-69 
charge storage, 68-69 . 
eontact difference of potential, 741-742 
current components, 55-58, 750-751 
cutin voltage, 59-60 
diffusion capacitance, 69-71, 753-754 
dynamic resistance, 62-68 
highly doped, 743-746 
monolithic, 214-216 
ohmic contacts, 53-54 
piecewise linear characteristic, 62-68, 
91-98 
reverse recovery time, 71-72 
reverse saturation current, 53, 56-57, 
61, 751 
static resistance, 61-62 
storage time, 73 
temperature dependence of, 61, 752 
transition capacitance, 63-65 
transition time, 72-73 
volt-ampere characteristic, 58-61 
p-n-p-n, 708-713 
bilateral, 712-713 
rate effect, 712 
volt-ampere characteristics, 711 
rectifiers, 108-114 
reference, 76-77 
sampling gate, 100-102 
’ Schottky, 228-229 
tunnel, 77-79, 743-746 
varactor, 66-67 
Distance measurement, 646 
Distortion: 
amplitude, 374, 679-684 
crossover, 696 
delay, 374 
frequency, 374 
harmonic, 679-684 
nonlinear, 374 
second harmonic, 679-681 
Distortion factor, 683 
Distribution, Fermi-Dirac, 728~729 
Divide-by-N circuits, 685, 639-641, 645-646 
Dominant pole, 382° 
compensation, 477-478, 527-528 
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Donor impurities, 25 

Dot matrix of characters, 667-668 
Doubler, voltage, 109 

Drift current, 19-22, 39, 43 
Dushman equation, 734 

Dynamic characteristic, 88-89 
Dynamic load line, 283-284 


Early effect, 128-129 
Ebers-Moll analysis of transistors, 145-149, 
756-760 
circuit model, 146-148 
currents as function of voltages, 756 
cutin voltage, 759-760 
cutoff region, 758~759 
equations, 756 
open-circuited base, 759 
saturation region, 760 
short-circuited base, 759 
voltages as functions of currents, 148-149 
Effective mass, 24 
Efficiency, conversion, 688-690 
Hinstein relationship, 39, 742-743 
Electron emission: 
photoelectric (see Photoelectric effects 
in semiconductors) 
thermionie, 733-784 
Electron gas, 20 
Electron shell, 11-14 
Electron spin, 11 
Electron volt, definition, 4-5 
Electronic charge, 763 
Electronic mass, 763 
Electronic motion in uniform electric fields, 
2-4 
Emitter diffusion, 201 
Emitter follower, 251-253 
with collector resistor, 273-274 
Darlington, 274-276 
high-frequency analysis, 367-370 
(See also Common-collector configuration) 
ENABLE operation, 169-171 
Encoders, 614-617 
Energy bands in solids, 14-17 
Energy levels, 7-8, 18 
Envelope demodulator, 114-115 
Epitaxial growth, 198-199, 202-203 
Epitaxial-type transistor, 126 
Equivalent circuit: 
FET, 318-321 
Norton’s, 250 
Thevenin’s, 250 
transistor (see Transistor, model} 
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Esaki diodes, 77-79 
Exclusion principle, 11 
EXCLUSIVE-OR circuit, 171-173 


Fan-in, 183 
Fan-out, 181-183 
Feedback amplifiers, 408-483 
advantages of, 413 
analysis method, 425-426 
bandwidth improvement, 449-450 
beta, 411-414 
eompensation, 475-483 
(See also Compensation) 
current-series, 414-415, 421, 424-426, 
432-437, 463-465 
current-shunt, 414-415, 421-422, 424, 426, 
437-441, 465-469 
degenerative, 415 
desensitivity, 417 
distortion, 418-419 
frequency response, 447-459 
approximate analysis, 458-459 
gain margin, 474-475 
input resistance, 419-422 
loop gain, 415-416 
lower 3-dB frequency, 448 
negative, 415-419 
noise, 419 
operational (see Operational amplifier) 
output resistance, 422-425 
phase margin, 474-475 
positive, 415 
regenerative, 415 
return difference, 416-417 
return ratio, 415-416 
reverse transmission factor, 414 
root locus, 452, 457-458 
stability, 417-418, 471-475 
step response, 453-457 
transfer functions, 448-458 
transfer gain, 412-415 
upper 3-dB frequency, 448, 459 
voltage-series, 414-415, 420-421, 423-424, 
426-432, 469-471 
voltage-shunt, 414-415, 422, 424, 426, 
441-445, 459-462 
Fermi-Dirae function, 728-730 
Fermi energy level, 729-730 
FET (see Field-effect transistor) 
Field-effect transistor: 
biasing, 335-339 
common-drain amplifier, 332-335, 344-345 
common-source amplifier, 332-335, 
341-344 


Field-effect transistor: 
depletion MOSFET, 325-326 
enhancement MOSFET, 322-323 
gate protection, 327 
insulated-gate, 322-328 
logic circuits, 328-332, 648-650 
noise, 405 
ON resistance, 316 
operation of, 312 
pinch-off voltage, 314-315, 326 
small-signal model, 318-321, 328 
static characteristics, 312-314 
threshold voltage, 323-324 
transfer characteristic, 318 
as a voltage variable resistor, 339-341 
Filters: 
active, 548-558 
band-reject, 553-554 
bandpass, 553-557 
Butterworth, 549-553 
delay equalizer, 557-558 
high-pass, 553 
low-pass, 548-553 
rectifier, capacitor, 109-114 
Flicker noise, 405 
FLIP-FLOPS: 
clocked, 625-631 
D-type, 630-631 
J-K, 627-629 
master-slave, 629-630 
memory cell, 624-625 
race-around, 629 
set-reset (S-R), 624-627 
shift registers, 632-635 
T-type, 631 
Foot-candle, 764 
Force on charged particle in electric field, 2 
Four-layer diode (see Diode, p-n-p-n) 
Fourier series, 681-684 
Frequency: 
corner, 378 
lower 3-dB (low), 376 
upper 3-dB (high), 377 
Frequency distortion, 374 
Frequency measurement, 646 
Frequency response, 356, 374-378 
Frequency stability of oscillators, 496-498 
Full adder, 598-600 


Gain: 
current, 123, 1388-139, 143-144, 241, 246, 
248 
margin, 474-475 
voltage, 247 


Gain-bandwidth product, 358, 365-367 
Gates: 
logic, 159-194 
AND, 161-163 
AND-OR-INVERT (AOI), 594-595 
dynamic, 648-650 
EXCLUSIVE-OR, 171-173 
INHIBITOR, 169-171 
INVERTER, 163-166, 329-330 
NAND, 175-177, 179-181, 330 
NoR, 178, 330-331 
NOT, 163-166, 329-330 
transistor limitations, 166 
or, 159-166 
sample and hold, 570-571 
sampling, 100-102 
Gaussian distribution, 205-206 
Germaniun: 
crystal structure, 22-23 
properties, 29 
spectral response, 34 


h parameters (see Hybrid parameters) 
Half adder, 596~597 
Hall coefficient, 32 
Hall effect, 31-82 
Harmonic distortion, 679-684 
Hartley oscillator, 492 
High-pass filter, 553 
Holding current and voltage, 711 
Holes in semiconductors, 23-24 
Hybrid circuits, 227 
Hybrid model, 237-240 
simplified, 263-265 
Hybrid parameters, 237-243 
analysis with, 245-249 
conversion formulas, 244-245 
variations, 242-243 
Hybrid-7 transistor model, 348-349 
capacitances, 353-354 
conductances, 350-353 
variation of parameters, 355-356 
Hydrogen, energy levels, 7-8 
Hysteresis, 583-584 


Impedance matching, 684-685 

INHIBIT operation, 169-171 

Input admittance: 
common-drain configuration, 345 
common-source configuration, 342- 

343 

emitter-follower, 369-370 

Input capacitance (see Input admittance) 
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Input characteristics of transistors: 
common-base, 127-129 
common-emitter, 131-132 

Input impedance of transistor, 124, 246- 

247 

Input resistance, 124, 246-247 

Insulators, 16 

Integrator, 543-545 

Intermodulation frequencies, 681 

Intrinsic semiconductor, 22-24, 735-739 

Inverse peak-voltage rating, 107 

Inverter, analog, 538 

INVERTER circuit, 163-166, 329-330 

Ion implantation, 324 

Ionization, 8-10 

Ionization potential, 8 

Isolation diffusion, 199-201 

Isolation islands, 199 


J-K flip-flops, 627-680 

Johnson counter, 636 

Johnson noise, 401-402 

Junction diode (see Diode, p-n junction) 


Lag-lead compensation, 478-480 
Large-scale integration, 227-228, 596 
Large-signal amplifiers: 
class A, 677-679 
class AB operation, 695-698 
class B, 692-695 
complementary-symmetry, 695 
conversion efficiency, 688-690 
efficiency, 687-690 
integrated, 697-698 
push-pull, 690-698 
transformer-coupled, 684-687 
transformerless, 695 
Lateral diffusion, 212 
Lateral p-n-p transistor, 213 
Law of the junction, 56, 750 
Lead compensation, 531-534 
LEDs, 83-84 
Lifetime of carriers, 35-37 
Light: 
absorption, 10 
particles, 9 
photoemission (see Photoelectric effects) 
photon nature of, 9 
sources, 83-84 
velocity, 763 
Light-emitting diodes, 83-84 
Load line, 87, 90 
dynamic, 283-284 
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Load line: 
push-pull, 694 
static, 87-88, 283-284 
Logarithmic amplifiers, 574-575 
Logarithmic multipliers, 577-578 
Logie: 
circuit packaging, 594-596 
complementary MOS (CMOS), 382 
current-mode (CML), 586-590 
diode (DL), 159-163 
diode-transistor (DTL), 175-184 
integrated, 179-183 
output stages, 186-189 
direct-coupled transistor (DCTL), 
189-192, 330-331 
emitter-coupled (ECL), 586-590 
high-threshold (HTL), 184-185 
levels, 158 
MOS, 828-332 
dynamic, 648-650 
two-phase, 649-650 
negative, 158-159 
positive, 158-159 
pulse, 159 
resistor-transistor (RTL), 189-190 
sequential, 624 
transistor-transistor (TTL), 185-186 
output stages, 186-189 
truth tables, 159-160 
two-level, 173 
wired, 183-184, 590 
Logic gates (see Gates, logic) 
Long-wavelength threshold, 34 
Look-up tables, 621 
Loop gain, 415-416 
Low-pass filter, 548-553 
Lumen, 764 


Majority carrier, 27 
Masking, diffusion, 203-204 
Mass, table of values, 12, 763 
Mass-action law, 26-27, 44-45 
Master-slave FLIP-FLOPS, 629-630 
Matching, impedance, 684-685 
Mean free path, 20 
Medium-scale integration, 227-228, 596 
Memory: 

circulating, 635 

dynamic, 635 

MOS, 653-655, 660-661 

one-bit, 624-625 

random-access, 655-661 

read-only (see Read-only memory) 

registers, 632-635 


Metal-oxide-semiconductor (MOS): 
capacitor, 219-220 
diode, 228-229 
transistor (see Field-effect transistor) 
Metals: 
electron emission from, 733-735 
energy bands in, 17 
energy distribution of electrons in, 
726-733 
Fermi level in, 730 
potential energy field in, 726-727 
quantum states in, 731-733 
thermionic emission from, 733-734 
work function of, 733 
Micron, 764 
Miller effect compensation, 529-531 
Miller’s theorem, 255-258 
Minority carrier, 27 
injection, 41-48 
storage, 68-69, 73, 168-169 
Mobility, 19-22 
experimental determination of, 31-32 
of germanium, 29 
of silicon, 29 
Modulation: 
amplitude, 114 
demodulator, 114-115 
modulator, 564-565 
pulse-time, 570 
Molecular weights, 12 
Monostable multivibrator, 580-581, 583 
MOS (see Metal-oxide-semiconductor) 
Multiplexers, 612-613 
Multipliers: 
differential amplifier, 578 
Hall-effect, 32 
logarithmic, 577-578 
Multiplying digital-to-analog converter, 
665 
Multivibrators: 
bistable (see FLIP-FLOPS) 
monostable, 580-581, 583 
Mutual characteristic, 318 
Mutual conductance, 319 


n-type impurities, 25 

NAND circuit, 175-177, 330 
integrated, 179-181 

Negative resistance: 
in emitter followers, 369-370 
in tunnel diodes, 77-79 

Noise, 401-405 

Noise bandwidth, 402 

Noise figure, 402-404 


Nonlinear distortion, 374 

(See also Distortion) 
NOR circuit, 178-179, 330-331 
Norton’s theorem, 250 
NoT circuit, 163-166, 329-330 
Notation, transistor circuit, 284-235 
Nyquist criterion, 472 


One-shot, 580-581, 583 
Operating point in transistor cireuits, 
282-284 
Operational amplifier (OP AMP), 501-534 
adder, 538-539 
in analog computation, 546-548 
applications, 587-590 
balancing techniques, 519-520 
common-mode rejection ratio, 505-506 
comparator, 568-570 
compensation, 527-534 
(See also Compensation) 
current-to-voltage converter, 540 
differentiator, 546 
frequency response, 524-526 
gain, 502 
integrated, 512-517 
integrator, 543-545 
inverting, 503-504, 5388 
measurement of parameters, 521-524 
noninverting, 504 
offset currents and voltages, 517-519 
temperature dependence, 520-521 
oscillator, 492-495 
output impedance, 503 
phase shifter, 538 
power supply rejection ratio, 518 
scale changer, 538 
slew rate, 518, 534 
stability, 526 
step response, large signal, 534 
virtual ground, 502-503. 
voltage, follower, 540, 542-543 
voltage-to-current converter, 539-540 
OR gate, 159-161 
Oscillators: 
relaxation, 720-721 
sinusoidal, 483-498 
amplitude stability, 490, 494-495 
Barkhausen criterion, 484 
Colpitts, 492 
crystal, 495-496 
frequency stability, 496-498 
Hartley, 492 
phase-shift, 485-488 
resonant circuit, 488-490 
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Oscillators: 
sinusoidal: tuned-collector, 490 
tuned-drain, 488-490 
Wien bridge, 492-495 
Output admittance of transistor, 248-249 
Overshoot, 454 


p-type impurities, 26 
Parallel in, parallel out register, 634 
Parallel-to-serial conversion, 613, 634 
Parameters: 
field-effect transistor, 318-321 
transistor (see Transistor) 
Paraphase amplifier, 538 
Parasitic capacitance: 
in integrated circuits, 199-201 
in MOS logic circuits, 648 
Parity: 
in binary words, 607 
checker, 607-609 
generator, 607-609 
Peak detector, 578-574 
Peak inverse voltage, 107 
Periodic table, 12 
Permittivity of free space, 763 
Phase-inverter circuits, 588 
Phase margin, 474-475 
Phase-shift oscillator, 485-488 
Phasemeter, 570 
Photoconductive cells, commercial, 35 
Photoconductors, 33-35 
Photodiode, 79-83 
Photoduodiode, 152-153 
Photoelectric effects in semiconductors, 
33-35, 79-84 
critical wavelength, 34 
long-wavelength threshold, 34 
spectral response, 84 
Photoelectric yield, 34-35 
Photoexcitation, 10 
Photoionization, 10 
Photons, 9-10 
Photoresist, 203 
Photoresistors, 33-35 
Phototransistors, 152-153 
Photovoltaic effect, 81-83 
Physical constants: 
for germanium and silicon, 29 
table, 763 
Pinch-off voltage, 314-315, 326 
Planck’s constant, 763 
p-n-p-n diode (see Diode, p-n-p-n) 
Poisson’s equation, 51 
Pole-zero compensation, 478-480, 528-531 
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Potential, definition, 2 

Potential energy, definition, 3 

Potential-energy barrier: 
definition, 4 
in metals, 726-727 

Potential variation: 
in graded semiconductors, 43-44 
in p-n junction, 45, 50 
transistor, 120-121 

Power amplifier (see Large-signal 

amplifiers) 

Power control circuits, 715-723 
conduction angle, 720 
continuous, 723 
delay angle, 716 
full-wave, 720 
half-wave, 716-719 
phase control, 720-721 

Power supply (see Rectifier circuits: 

Regulated power supply) 

Predeposition, 208 

Programmable attenuator, 665 

Propagation delay in logic circuits, 

192-193 

Pull-up: 
active, 186-187 
passive, 186 

Pulse generator, 580-581, 583 

Pulse-time modulator, 570 

Punch-through breakdown, 151 

Push-pull amplifier, 690-698 


Quality factor, 452-453, 554 
Quantum number, 11, 13 
Quantum states, 731-732 
Quiescent point (Q point), 282-284 


Race-around condition, 629 
Radiation from atoms, 7-8 
photoelectric sensitivity to, 34-35 
RAM (see Random-access memory) 
Random-access memory (RAM), 655-661 
bipolar transistor, 658-660 
coincident selection, 656 
dynamic MOS, 661 
linear selection, 656 
static MOS, 660-661 
Rate effect, 712 
Ratings: 
diodes, 107 
transistors, 149-151, 282-283 
Ratio inverter, 648 


Reach-through, 151 
Read-only memory (ROM), 617-623 
character generator, 623 
code converter, 617-620 
combinational logic, 623 
decoder/encoder, 617-620 
field-programmable, 620 
look-up tables, 621 
MOS, 653-655 
programming, 620 
sequence generator, 621 
Recombination in semiconductor, 37-38 
Recombination centers, 37-38 
Recovery time, 71-72 
Rectifier: 
semiconductor {see Diode, p-n junction; 
Rectifier circuits) 
silicon-controlled, 713-715 
Rectifier circuits: 
bridge, 108 
fast, 571-572 
full-wave, 106-109 © 
half-wave, 103-106 
low-level, 571-572 
regulation in, 105-106 
voltage-doubling, 109 
voltage multipliers, 109 
Rectifier filters (see Filters, rectifier) 
Rectifier meter, 108-109 
Regulated power supply, 698-707 
integrated, 706-707 
series voltage regulator, 700-706 
stabilization, 700 
transistor preregulator, 704 
Relaxation oscillator, 720-721 
Resistance, negative (see Negative 
resistance) 
Resistivity, 19-22 
Resonant-circuit oscillator, 488-490 
Reverse saturation current: 
p-n diode, 58, 56-57, 61, 751 
transistor, 185-1386, 758-759 
Reversible counter, 638-639 
Richardson equation, 734 
Right-shift, Left-shift register, 634-635 
Ring counters, 635-636 
Ripple counters, 636-641 
Rise time, 167-168, 383-384, 454 
ROM (see Read-only memory) 
Root locus, 452, 457-458 


Sample-and-hold circuits, 570-571 
Sampling gates (see Gates, sampling) 


Sampling network, 411-412 
Saturation region: 
analysis, 760 
common-base configuration, 130 
common-emitter, 136-139 
temperature dependence, 138 
Saturation resistance, 1387-138 
Schmitt trigger, 583-585 
Schottky diode, 228-229 
transistor, 229-230 
Schottky noise, 402 
Schrédinger equation, 11 
Self-bias, 287-290 
Semiconductors: 
acceptor impurities, 26 
continuity equation, 39-40, 746-747 
diode (see Diode) 
donor impurities, 25 
doping, 24-27 
energy bands in, 16-17, 25-26 
Fermi level in, 737-740 
graded, 43-45 
Hall effect in, 31-82 
intrinsic, 22-24, 735-739 
majority carriers in, 27 
minority carriers in, 27 
n-type, 25 
p-type, 26 
photoelectric effects in, 33-35, 79-84 
p-n junction (see Diode, p-n junction) 
recombination in, 37-38 
transistors (see Transistor) 
Sensitivity: 
of photodiode, 81 
spectral, 34-35 
Sensistor, 33 
Sequence generators, 621, 635 
Serial-to-parallel converter, 633 
Series-in, series-out register, 634 
Settling time, 454 
Sheet resistance, 216-217 
Shift registers, 632-635, 650-653 
dynamic MOS, 650 
four-phase, 652-653 
static MOS, 651-652 
Short-circuit admittance parameters, 560- 
561 
Short-cireuit current gain, 124, 143-144, 
241, 356-359 
Shot noise, 402 
Signal-to-noise ratio, 403 
Silicon: 
properties of, 29 
spectral response, 34 
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Silicon controlled rectifier, 718-715 
in power control circuits, 716-723 
Silicon controlled switeh, 715 
Silicon diode (see Diode, p-n junction) 
Slew rate, 518, 534 
Small-scale integration, 595 
Solar battery, 83 
Solid solubility, 206-207 
Space-charge capacitance, 63-67 
Space-charge region in p-n junction, 49- 
52 
Spectral response, 34-35 
Speed measurement, 647 
Square-wave generator, 579-580 
Square-wave testing, 385 
S-R FLIP-FLOPS, 624-627 
Stability: 
amplitude of oscillator, 490, 494-495 
bias, 285-287 
of feedback amplifier, 471-475 
frequency, of oscillator, 496-498 
of operational amplifier, 526 
thermal, 305-308 
Stability factors, 290-294 
Static characteristics (see Characteristic 
curves) 
Stationary states in atoms, 7 
Storage of minority carriers, 68-69, 73, 
168-169 
Storage time: 
diode, 73 
transistor, 167-169 
Subtractor, binary, 604-605 
Supergain transistor, 214 
Synchronous counters, 641-645 


T-type FLIP-FLOPS, 631 

Temperature, voltage equivalent of, 39 

Thermal noise, 401-402 

Thermal resistance, 304-805 

Thermal runaway, 303-304 

Thermal stability, 305-3808 

Thermionic emission, 733-734 

Thermistor, 33 

Thevenin’s theorem, 106, 250 

Thin-film capacitors, 219-220 

Thin-film resistors, 218-219 

Threshold voltage, 323-324 

Tilt, 384-385 

Time-interval measurement, 646 

Timing-marker generator, 569 

Totem-pole configuration, 186-189, 516- 
517 


910 / INDEX 


Transconductance: 
FET, 319 
transistor, 350 
Transfer characteristic: 
FET, 318 
transistor, 140 
Transformer, impedance matching, 684-685 
Transistor: 
active region, 129-134 
alloyed junction, 125 
alpha, 128, 757 
base-spreading resistance, 138 
base width, 128 
beta, 133, 143, 144 
biasing circuits, 284-285, 287-288, 
299-303 
breakdown voltages, 149-151 
characteristics: active region, 129-134 
analytic expressions for, 145-149, 
758-760 
cutoff region, 130, 184-136, 758-759 
saturation region, 180, 136-139, 760 
common-base configuration, 126-130, 254, 
267 
common-collector configuration, 145, 254, 
265-267 
common-emitter configuration, 180-139, 
254, 263-265 
complementary symmetry, 695 
construction, 125-126, 196-202, 209-214 
eurrent components, 121-123, 755-756 
current gain, 123, 188-139, 143-144, 241, 
246, 248 
cutoff region, 130, 184-136, 758-759 
d-c current gain, 188-139, 144 
delay time, 167-168 
diffusion type, 125-126 
Ebers-Moll analysis (see Ebers-Moll 
analysis of transistors} 
epitaxial type, 126 
fall time, 167-168 
field effect (see Field effect transistor) 
graphical analysis, 233-237 
hybrid model, 237-240 
simplified, 263-265 
hybrid-w model, 848-856 
input impedance, 246-247 
integrated, 209-214 
junction voltage values, 189-142 
lateral p-n-p, 213-214 
model: hybrid, 287-240, 263-265 
hybrid-n, 348-356 
noise, 404-405 
output admittance, 248-249 


Transistor: 
parameters: alpha, 123, 757 
capacitances, 353-354 
conductances, 350-353 
hybrid, 237-243 
hybrid-7, 349-356 
typical values, 248, 349 
photo-, 152-153 
planar, 125-126 
potentia] variation through, 120-121 
punch-through, 151 
ratings, 149-151, 282-283 
reach-through, 151 
reverse saturation current, 135-136, 
758-759 
rise time, 167-168 
saturation charge, 168-169 
saturation region, 130, 186-139, 760 
saturation resistance, 187-138 
Schottky, 229-230 
short-circuit current gain, 238, 241 
storage time, 167-169 
supergain, 214 
temperature variation: of de current 
gain, 295-296 
of hybrid parameters, 242-243 
of hybrid-7 parameters, 356 
of junction voltages, 188, 141, 295- 
296 
of reverse saturation current, 135, 
295-296 
transfer characteristic, 140 
turn-off time, 167-168 
turn-on time, 167 
vertical p-n-p, 214 
voltage gain, 247 
Transistor amplifier (see Amplifiers) 
Transition capacitance, diode, 63-65 
Transport factor, 224 
Triac, 715 
in power control circuits, 722-723 
Triangle-wave generator, 581-583 
Truth table, 159-160 
Tuned amplifiers, 558-564 
Tuned-collector oscillator, 490 
Tuned-drain oscillator, 488-490 
Tunnel diode, 77-79, 743-746 
Tunneling phenomenon, 77, 743 
Twisted-ring counter, 636 


Up-down counter: 
asynchronous, 638-639 
synchronous, 643 


Valence band, 15 

Varactor diodes, 66-67 

Vertical p-n-p transistor, 214 

Video amplifiers, 565-567 

Volt-ampere characteristics (see 
Characteristic curves) 

Voltage amplification, 247 

Voltage-to-current converter, 539-540 

Voltage-doubling rectifier, 109 

Voltage equivalent of temperature, 39 

Voltage follower, 540, 542-543 

Voltage gain, 247 


Wave function, 11 
Wave mechanics, 10-11 
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Waveform generators, 579-583, 647 
Wavelength: 

critical, 34 

DeBroglie, 10 
White noise, 401 
Wien bridge oscillator, 492-495 
Wired logic, 188-184, 590 
Work function of metal, 733 


y-parameters, 560-561 


Zener breakdown, 74-75 
Zener diodes, 73-77 
Zero-crossing detector, 569 
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